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AlpliJi, IJeta and (Tainina Rays 


\\(‘ alrc'ady spokiai ol the imiiieroiis att(aiif)ts to 

inllueii(‘(‘ lh(' ca[)a(ily oi I'adium lu eiuil I'adi oacl i vt: rays, 
riii'se alteiiipts j)r()\(al IViiilh'SS. llowevi'r, in (iviiiy; to 
act on radinni with i\ maunelie tiidd rico’ie and Mai‘i(‘( aiiie 
iiorna'd I hat alllnai^dj I hi' eniissi\ ily ol l adinni ( when 1 he 
latlei' is plari'd in a magnet ic liidd) does not. (iianpe. i. e.. 
the intensity oi railiation remains eoiistanl, llie radioae- 
ti\e ra\s thi'inselves nndere(> L’l'i'al idiani’es when passim^ 

I hi'oiip'h a mapiii'lie held. A ray that is hornoLn'iieons prior 
to enleriny a ina^n^die field, is dixoied Ity this field into 
two rays, one ol whirh does not si'eni to he alh'ch'd at all, 
while 1 lee oilier shaiply idianees its (ft reel ion ol motion 
n ndi'r I he i nllnenee ol t In' lield . 

At I h(' tim<' ol I h'la j neiel s (‘\peii rnenl s, physicists weri^ 
ali'eady acijiiainled with rays that, are deth'cted in a inae- 
iietic lii'ld. fhese were i*leei I'ica 11 y idiarevd particles mo\in^’ 
111 oiK' direidioii. It was pi's^ihh', Iroin the delh'Ction, to 
eslahlish I hi' sien oi the chai'ye. More detaih'il data could 
he ohtaiiK'd h\' ohserxinp' the inoNenn'nt ol these particli's 
in a niaeiietic held and an electric la'ld .Ae wi' shall shoi't ly 
se(‘. i 1 is poss! hie to del ermi ne in this case not onl\ t he cha re (3 
Ind. also its relation to lie' mass ed I lue mo\ine jinrtich'.. 
from the (airie experiments it lollowi'd that the moviiiL’; 
charei's were nee;ative, and t li*' measured latio ol thecharee 
to till' m;iss pro\ed eijiial to ]()'' elec t !(ist a t ic niiits 

per ei'am. Ixleclrons. whiidi haxe a neeatiw' I'lectric idiare-i', 
j he same ratio ol cliaree to mass. 1'rom this com- 
pai'ison one conld conclude t hat at least a part n\ I lie rays 
('fiiilled h\ !•adinm comjni''es elections. 

fill' spi'i'd oi the ('lections emitted h\ radium was also 
measnri'd and was ionnd to hi' vi'ry hieh. Soini' ol them had 
a speed closi' tolliat oi li.U'hl, i. e., nearly MOtl.OOO kilo- 
met ri's [)(■!■ second. 

I hesi* i n vi'st i yat i ons liltml slieht ly t la' mysti'rions 
veil that still coxeri'd I hi' radioactixe ra\s. it was ionnd 
that radioactive ladiation had a comph'x composition, com¬ 
prised, ifi juirl, ol eh'ct rolls. I his x ii'W conci'i nine' radio¬ 
active radiation was also eontirnu'd hy I la' complex char- 
actor oi Us ahsorj)\‘\on. \l was es\ ahfislwd I iml when radio- 
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artivc niili.il iiiii jiassas llirou,ii;li niallc'r ol varyiiiu' Ihick- 
nt's.', il is at liisl slroiiylv absorlH'd by I be sub.slaiice ami 
later so i !isi<;iii lieaut.ly that it. is capable ol passiiia' lbl■oll^■h 
coiisidei’able t bic kiiesses, 11. was /laliiral to assume that I lu^ 
sti'oiiyly absorbed part, ol' tin- radioafti\’e I’adiatioii was 
made up ol elcctroiis, whereas the uiidellecled part ol’ the 
radiation was pns'isely that part which is leidily absorbed 
ia iiialter. Iloweccr, special experiments carried out by 
liullierlord sliowed tbal also I be uudeflecled part issimi- 
lar to tile entire radioaclix'e radiaiiou, juda'ina bv the na- 
Inre ol' its alisorptioii. At lirst. it is alimrbed very appre- 
'■'•''•ly ‘‘ven ill tliin layers ol' mailer, and llieii the absorp¬ 
tion sharply hills oil'. 

lini bertor.l concluded that, this part ol I lie radioadive 
ladialion also had a cdmphvx composition. .Apparently. 

I be maanelic. Held used by 1‘ierre and Marie (airie was not. 
si rona miona'b lo .st'parale it into ils com|)on(‘iil (larls, ,\nd 
so Hul herlord repealed I heir experiments nsiiig a mncb more 
poxverlnl maa'iielic lield. 

^ I he lesnll ol l!nth(‘rlord s experiments was aslonndins'. 
riie b(‘am ol rays, which in the Curie (vx perimeiils was nol ' 
ileflecled in a maenelic lield, in its lurii .split, into two 
parts; one, as belore, xvas not. dellecled. and the ollii'r was 
bill, sliahlly didlecicd Irom its initial dins lion in a si rone' 
maani'tic lield. 

'J'he ini.ereslino- Ihina about Ibe.se rays was that, they, 
deviated in a direction 0|)|)osite lo that ot I he (deci rons ’ 
Coirseiinenlly, this |iar|. ot the radioactive ravs was also’ 
composed ol charoed particles (since a ma^iieli'c. lield does 
not ailed the movement ot nncliaroed particles), but this 
lime chart>'ed posilivtdy, l-:.x|ierinieiil showed that as tar as 
absorption was concerned the new <-omponent s ot the radio¬ 
adive rays behaved in a very deliiiile manner. 

Jlial pari ot the radiation which xvas not at all d(‘llecl- 
ed 111 a maenelic, lield xvas ab.sorbed ina|)preciablv. whereas 
the part that Uiilhertord lirst sncci'oded in dellectiiie was 
nbsorlHMl w'vy i iil tMisi vely. ^ 

It Inriied out Ihat the rays first observed by Bec(]n('rel 
ot t hi’oo t yjx's ol rays. 

Fift’uri' 1 shows (liagraninialically Ihe separation ol ra- 
(J i o a (• I i V' e ra \ s in a in a e' 11 e lie h (‘ 1 (1. 
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ing electrically charged particles called ions. What is llie 
iouizing capacity of al[)ha, beta and ganuiia rays? 

Al])lia rays possess the go'atest ioiiiz'ujg caiiacil v . d hey 
ionize air roughly one hundred times liettcr Ilian beta rays 
emitttul from tbe same radioactive source, (hunma rays 
ionize air mnch less tlian beta lays. 

There exists a detinite counectioii betwaHui llu' absorption 
of aljilia, beta and gamma rays and their ionizing ca|)a( ily. 
Those that, art' more ionizing aos more rtaidily ahsortieal. 

ionization of tlie air r('(|uir(‘S eiKogy. it was estati- 
lished that an energy e(]ual to T> (dec! riiir viill s*^' is re(]nired 
to form one ion jiair in air. Siiea* an aljiha particle pro¬ 
duces many ions in moving tlirough I lie air it us(‘s up a 
great deal of ejiergy. This is the reason why (as di/scribed 
above) alpha rays are so strongly absorlied by dillerent 
substances. Further on \V(‘ shall relate how th(‘ mi in her of 
ion pairs created by an alpha particle was nn'asuKMl. Here 
wx> shall only state* the number, it was found that a single 
alpha particle creates in the* air about 20(1,OHd 'nii pairs. 
Tills enables ns to evaluate the' eiK'rgy ol one' aljiha jiartievle. 
It [iroved to be? a])[>ro\i mate'ly eMjual to (i,(HfO,()()(.) elect ron- 
-volts. In order to acejuire such (‘ue'rgy, an e'k'ctron would 
liave to jiass thremgh an electric lie'ld with a pote'iitial 
diHerence of (),()()(.),000 volts. 

Biological j\clion. Radioactive* radiation produces a 
strong e'ffect on li\’ing organisms. If the* intensity is gre*at 
it may lie? fatal. Tbe stronge'st. liiological eilVct is produceel 
by those rays that ionize most heavily. The* strongest are 
the alpha rays; tlu'ii (‘ome beta rays, followe'd by the gamma 
rays, w^hicli aix‘ much wealo'r. ^e't the most dangerous are*, 
the beta anel gamma rays. The point is that aljiha rays are 
absorbed very strongly. Any kind of clothing is ({uite sul- 
ficie*nt protection from them. Beta rays are stronger tlian 
gamma rays Imt their ])euetrating power is also relatively 
le)W. A thie'k cleise'-wove'n fabric absorbs a (‘onsideralile part 
of the? beta rays, (lamina rays are absorlx'd by matter re*la- 
tive*ly weakly, and for t his re'ason it is most elilticult to juo- 

* Nuclear ])liysics iis(‘s a unit of (*Mergy calk'd the eledroii volt, 
whicli is I he (*ri('rgy acquired by an cdis tron {ailing tliioiigli a dif- 
[(‘H'lice of pot(*ntial of oik* volt. One el('ctron-volt is a very snodt 
unit of energy equal to only l.Cv: lO"**^ joule. 
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ISAniOACTIVlTr 


Becqiicn'l’s Disrovi^ry 


ill 'nM2, Iho CMJiinoiit l]rilisli sciujilist H iiIlK'rtoid siic- 
cuimIcmJ lor I Ik‘ iirsl l in ohlainin^r coiivincini» L‘vi(li'ijt*e 
lliiU. atomic Jiitcloi n‘ally oxisl. Jlowvvor, I ho history ot 
our IvIiowIimIi^v coMcorni iit^ alonru* iim ltu hi^|j;ijis (‘ariior. 

riic Jiii(‘li*ar chroiiicio sliouhl actually honiii with ISlUi. 
This starling point was markod hy a scimililic error, or, 
to ho more |)rccis<‘, hy an incorrect siiiuitific hxpothesis. 

J'Jie <j nest ion at liaiid (■oiiceriKwl the nature ol the I him 
mysterious X ra\s discoverial just, helore (lS!)r») l»y Iho 
(ierinan sciimlist Hoeiilgen. Men of scienci* in all (‘ouiitrii'S 
were then undi‘r the impression ol I his di-coverv. I{(»ent gen’s 
work was snl)jecti‘d to carelul study and iliscnssion. 'The 
French scieiilist llimri IU‘cquerel look note ol! Jloentgeji’s 
remark that I he invisihli^ X-rays Jie had discovi‘ri*d I'inerge 
Iroiii the imd ol a glass liihe lliat glows with a yellowish 
gri‘en light which n‘senihles liie light ol lluorescejit suh- 
stances. Ijoth the yellowish greeji glow' and the X-rays 
come out. ol I hi' same spot of thi' glass luhe. This was ni»t 
lortuilous. In the tube w'ilh w'hich Jloentgen perlornii‘d his 
investigations, the |)roduction of X-rays was always accom- 
panie.d hy a yellowish green illumination ol the glass. 

Ilecquerel had spent a long time in the study of vari¬ 
ous nuenescent materials which under the action of sunlight 
hegin to rafliale their own [jeculiar light. 

The idea that stimulated Ijeccfiierel’s e.v[)erimenls was 
simple: is not fluorescence the cause of X-rays? Maybe X- 
rays ivxist whenever I here is fluore.scimce? iSow, in the light 
ol our knowledge concerning the constitution of the atom 
and the nature of X-rays, this idea seems absurd, but at 
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tlifU linn* whoji Mie naliuv of lliosc rays was imkiiown, this 
assiiiiij)(ii)Ji appoarotl (juilr iialural. 

Jk'cqii(.*i‘i*l was, ol roursi*, jiisl Im ky. Jt was l)y shoer 
ac(i(J(Mil that lor IIk‘ nuon'srciil inalc^rial li(‘ took ono of 
the uranium salts, 1 douhie sijlphal(^ of uraiiiiini and potas¬ 
sium. J his ri rcumstanc(‘ pr(Mlc‘liM*iiii iied the sun ess vd' the 
experiiiKMjl whith was exlreiriely simple and amouiiliHl to 
the )ollowing. 

A fdiolo^raplue plate was (.artdully wrapped in hlack 
pa])er that did not pa.ss visihh' rays. 1'lieu tiu* urauiuiii 
[)ota.ssium sulphate was plan'd on I le* paper, riu' plali* was 
thi'ii plaeed in hrij^ht sunlight.. Several hours laU'i* it was 
<leveloped with all pos.silde prc'eanl ion. A dark sjuit was 
detfuled on the plate and in lorni rest'ju hied t he si Ihouetle 
(d the fluoresceni inateriaL liecqui'iel perlOrnu'd a series 
ol eontrcd experiuKiils and show(‘<l that this darkenijjg’ 
arose Iroin thi' action on the pholoj^iiiphic plati* of rays 
eoniiny Ironi I lu' nraninin eryslals and pa.ssiii” throuj^li 
the hlaek paper that is i mpc'iK't rahle to I lu' sun’s lif,dit. 

/Vt tirst lSe<‘qnerel did not donht that tliest' were the 
X-rays. [Jut he soon saw tlial he was mistaken. 

l.)urine lhes(' experiiiic'ids, one t)f the days happened to 
i>e overcast and the nraninin .salt was hardly at, all flnori's- 
\ent. Assuming' the ('Xperinu'iit to he imsucet'ssfni, he put 
plate with the nraninin .salt ha(‘k in|(» t h(' drawc'i* of 
the tas(' wlu'ie it ri'inained several da>s. Ih'lorc' his n(*xt 
experiiiuujt he devetopi'd this plate* sinei* he? was not sure 
that it was good any longer. To his surprise* he* saw a dark 
spot on the* plate that was the image* of the* salt: the* in 
tensity of this image* was exe-eptionally great. Hut in the 
dark e*ase^ the^ salt, had not- llnorese-e'd. IJene’e, tlm)re*se‘e*nee 
iiad ne)thing te) do with it: I iun*e was something that ai- 
fee*ded the plate* without llue)re.se:e*ne*e^ 

It was ohvions that Jh'eeiuerel had iojce)nnlered some 
kind ol new rays, and very soe)n it was e*stahlislunl that 
these rays were^ due to uraithim. Oidy sue*h fluorescent ma- 
le'i'ials as ce)nlained ii rani urn alTee*te*d a photographic, platen, 
anel a plate was alTee*teMl hy any of the uranium salts, lint 
the stre)ng(*sL ae:*tiem was that pre)eluced hy nraninni itself. 

The rays discovered hy Bc?e*.ejnerel resemble to some ex- 
te*nt Roentgen's rays. Thetj act an a plialogrupldc plale^ 



and pass through btarh paper and thin layers of metal. 
Uowovcr, thos(‘ niys (iifTt‘r greatly. X-rays arisotiiiri ait 
<li.scliarg(‘ iit a h'lK^lily rar(*liiMl 'j'ho pressui'o 

ol I hi* f^as iijiisl h(* ol I hi* ordor ol a iniliioiilh pari ol al- 
iiiosphi'i'ic prcssiiri*. ;\ v(*r\ hi^li volla^jn* (huinlirtls ol' liim's 
j^rcalCM* I hall Iho 110 volts that \vi* arc acciisl oiiicd lo in 
everyday lilt*) must he applied to the eli'ctrodes helore a 
discharge lakes |)lace. In I h(*se londilioiis. the Xrays 
are jiroilueed retrardl(*ss ol thi* iial tire ol the* pis in the X-ray 
lulu* and also ol the siibstajiee ol 1 he electroili*s. 

Kecijiierel's rays do not reipiire any electric |)otenlial, 
eitlic'r larp* or small. Ajid no rari'lied pis is jiecessarv. 
X-rays appear only in I lu* presejice ol an electric discharp*, 
while JV*c(|uerers rays radiate conlinnonsly and at all 
liini's. However, they are emitted only hy uranium. Jiiil is 
uranium t he only siihstaiici*? 'I'liis was I In* (|uest ion t hat 
Marie Sklodowska (hirie asked. 

.Marit* (hirie’s search was lonp: and iucriMlihly difliciilt. 
Jt lasted nearly two years, during: which lime a tremendous 
numh(‘r ol dilTer(‘nl salts, minerals, and on* rocks were 
st-udietl. Ilul at last (lurii* succeedi'd. It was lound lliat 
thorium salts also (‘mil I5ec(iuerel rays. Just as in the case 
with uranium, it appc‘ar(*d that, the more thorium the sub- 
stance* contained the greater the inlensily ol I h(*s(* rays, 
and that, wIumi conifiared with Its compounds, [lure t horium 
is dist i n^uish(*d by the* jf^ri^atest intensity ol radiation. 

In the searcJi lor substances that emit J.U‘cqueri‘l rays, 
(lurie did not employ fdioloi?rapliic plates. She made use 
ol another ri'inarkable property (discovered by Hecquerel) 
ol I lie.^e rays. 

In his lirst e.xperiTnents H(*cquerel noticed that due to 
the action ol' the rays emitted by uranium the air becomes 
a eondiietor of electricity. TJiis remarkable property of 
the Ibuqiierel rays preally siniplilied the search for sub¬ 
stances that radiate them. 

The lest, is very simple. An electro.sco[)e—an instni- 
inent that measures electric cliarpes — is charged. When this 
is done, the leaves that, are attached to a metal rod rejiulse 
ojie another and div(‘rge at an angle tlial int'.reasos with 
t he magnit ude ol the charge reci*ived by the electroscope. Tlio 
leaves will remain in this position as long as the charge 





is ret aincil on I ho rod ol' I ho iiislruinoul. lint tho charge 
will ho rolaijiLMl only il' tlu' loavos aro woll ijisnlalod 
Iroin tlio liody. Air, as wo know, is a j^ood insiilalor, and 
I horol’oro I ho loavos usually rolain llu^ir jiosilion a rat h- 
or Joii^ lirrio, hul il oiio puls souio uraniuui or ils sails 
in Iho oloci rosoopt' it will (|iii< kly disoliargo, and I Ik^ 
Uavi^s will lall togolhor. In this way, il lakos two cn* throes 
iiiiuulos lo (‘slahlish wluMhor Iho suhslanco uinlor study 
is (unilling J»t‘oqui‘rol rays or not (il is jiol('woiihy that 
I his siuiplo int‘l hod oT d(*looliiig sul)sLaia*t\s oinil I ing Ih^*- 
qiiond rays is si ill usod). 

(loiil i jjiii Mg ijor s(‘an h, (.!urii‘ oamo upon a sur])rising 
I'acl . JL lurjM‘d oul Ihal piU h hloinlo, I Iro oro I rom which 
luolallic uraniiun is i*x1racl(‘d, oiuils JU‘C(|ui*rid rays wilh 
an iulonsily Ihal lar i*\coods that (d jniro uranium. Il ho- 
caim^ ( loar Ihal I In-re was sonii^ soil ol now suhslanco in 
jiilch hlondo (in I la- lonn ol an admixluri-) that is oapahio 
ol oniilling I hi-so JJocquorol rays very inU-nsi \ oly, hocausi^ 
lh(‘ liny adinixl nro ol this siihslanct- Ihal had oscapoil I In* 
atlonlion ol cla-misls radiatod niori- sirongly lhan uranium, 
til’ which Ukto was an inconijiarahly groalm* quanlil\ in Iho 
oro. In lh(‘ long and lal>ori«ms soarch, Mario (lurio, work¬ 
ing logolhi-r wilh hor Imshaml Piorro (airit-, succt-odi-d in 
i.solaling two now siihslancix-^--I ho carrii-rs ol I h(‘ lh‘C<|uo- 
rol ratlialiou, Rndinaclirt' was I la* naim^ gi\'on h\ M. (airio lo 
all suhslancos capahh‘ ol radiating Iho Ih-cqumol rays. 
]| moans capahio ol omillingraxs. J ho plu'iiomonon ilsidl - 
Iho omission ol such jays canio* lo ho known as radioar 
tiritff. l.alor, Iho rays disciivorod hy l>occ|uoiol hogan to 
i»o callod ntdioarlirr ra\s. 

Tho two now suhslancos discovon-d 1)\ Ihiiio wori> jiol to 
bo Ibnnd ajiiong Iho known chomical olommils (uranium and 
Ihoriiiiij had Ik'ou known long holoro lUTqiKU'ol’s discovi‘ry). 
'idi(*.so wero now (dommils. Ono ol I honi was callod polonium 
(in honour ol INdajid, :M. .Sklodowska (iurio’s nal ivo counlry). 
'idio olh(?r radioaclivo olomonl, with chi'iiiical pro])i‘rlios 
rosomhling Ihoso ol' harium, was call(*d radium. 

'J'ho discovory ol radium was a groal (^voiil. In impor- 
taijc(* il may easily ho placed alongside tho discovmy ol 
lhi‘ Hoequort*! and lloiMilgoii rays. Jiadium was loiiml lo radi- 
ato with an iulonsily (jiio million Liuio.s Lhal ol nianium. 
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This qiiaiililalive din'erenco led lo (‘oiiseqiieiices ol exlraor- 
diiiary sigiiiiicaiice. 'J'lie very ]) 0 \ver oi Ihe radiiiin radia- 
lioij made il possible lo delect many new properties of 
radioactive rays, some of which were soon lo iind practical 
a])plication. 

Tlie Properties of Itadionetive Radiation 

li(‘cquerel once borrowed from Pierre (airii* a small 
amount ol a radium preparation in a ^lasslube to demon¬ 
strate its |)rof)i'rties t(j his students at a lecture, lie put 
t lu> tiil)e with the radium iji his vest coat pocket and w'eiit 
alioiit w itii it lor several Innirs.Some days later he noticed that 
the skin on his body opposite the* pocktd. where the radium 
had lH‘i‘n was ail r(‘d, and Ihe redness co\eri‘d a spot just 
Ilu' size (jf the tube (d* radium. Seseral <lays alter tliis, 
15ec(|ui‘rel lull sevine pain, the skin bi'ean to crack and a 
sor(^ formed, lie had to to a doctor. TIk? w^ound was 
treated iii the same way as ordinary burns, and about two 
months later it. hi‘ah‘d. 

J'ierre (hiri(‘ (‘.\|ierimente»l on liimsidf in ori|(‘r to check 
the action of radium rays that lleccjijeicd had tidd him about. 
1'he facts wme coJilirjued. A ten-hour irradiation of the 
skill on his hajid by a preparatioJi of radium hnl, si^veral 
days later, to tin* very same results: rial ness, i iillammation, 
and an open wound that required four months to heal. 

Doctors became iiitmested in (lurie's e\|>eriinejils and 
be^mn a systematic, study of the action of radium rays on 
animals, and later on humans. It was soon found that weak 
dos(\s of radium rays are capable, iji certain cas(*s, of af¬ 
fecting the ori?anism favourably. For example, t hey cured 
dillerent skin diseases vi'ry w'ell. 

.Alter the results of these experiments l)ecame knowji, 
there be^»an a w'idt‘spread .stmly ol the medical and biologi¬ 
cal action of radium rays. A little while latcu' it was Jio- 
ticed that radium rays act difiVrenlly on dilTerent cells 
and tissues. Cells that multiply ra|)idly an^ most readily 
destroyed by the action of radium rays, ddiis outstanding 
discovery irnmeiliately determined the practical value of 
these ra>\s. Hadiiim became an invaluable aid to physicians 
ill their light, against cancer, that scourge of humanity. 
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A tiiinoiir consists (jI' (v\I rciiK^ly inpidly njul- 

liplyiii^ cells, Iherelore the rays nl radiinn act on il rnuch 
more dcsl nidi vely Ilian on Hu* iiornial lieallliy iissu(*s. 
Jtatliiijn 1 r(‘al mciit is done* as lollows: 1 he jnvparal ion ol' 
radium, in a ^old case, is |)laced as ch)se as possible lo 

I lie liiinour; irradiation (anil i lines a certain len<>lli ol’ time. 

II tli(‘ diseasi' lias not lu*(*n nei»:lectf‘d and if the tumour is 
not too lar inside t he organism, t realimnit is (|uit(‘success- 
lul and rajiid. 

Anotlan propmly oi tlierajlium rays, and oik* that al¬ 
so ioiiJid a (iraclical ap[)lical ion, was noticml immediately 
alliM' I Ik* tirst slromi’ preparal ions were obtained. 

It apfieared that radium just, as the sun’s rays, 

are capabb* ol* i*\(itijd duon/.scehci* in tluorescenl materi¬ 
als. V’(‘ritabl\ microscopic (]nantiti(‘s oi radium mal\i^ 
scr(*ens ol zinc snlpbide, barium plat iiiocyanide, ami oilier 
similar snbstaiua^s ,elow briubtly in tin* dark. 

i!y addine- minute* ([uaiitilies oi radium to zinc snlpliidi* 
W(* obtain a compound that is t'oiitinm'.usl\' luminous in the 
dark. "Jhis was made use ol', lor (‘\ainple, in tin* produc¬ 
tion ol'watclK*s wit li luminous dials. Duri ii”-t be First World 
War, a lumi ne.sc(*nt subsiaiK*e was ns(*d on ^‘un si^dits so 
that the soldiers could aim in I Ik* dark. It. is olt(‘n used 
to (*oat pointers ami di\isions on iiislrumeuts to make* them 
loadable in I Ik* dark. Lnminesc(‘iil substances are now in 
use also in many t(*cbuical lli'lds and in warlare. 


Tin* Kii('r&:y liadisilod liy itndliim 

Flnoresc(*nl malerials emit lii^bl only alli*r ilinmiiia- 
lion liy snniiglil. .11 such snbslanci*s are protected Irom 
t he act ion ol* I Ik* sun’s li.i(ljl I bey slop beiiij^ luminous. 

VVIk*ii it was (*slablished that I be rays ol* radium also 
cause lluore.sci'iice, scii‘iil isls iioticcnl al. once I bat llie sil- 
iiation was very p(*ciiliar. A firaiii ol radium added, lor 
exampli*, to zinc snljihide makes il. constantly flnorescenl. 
Observat ions coni imii*d day and nil^bt, wi»i*k in and week out,, 
and over moiitbs and into the years, but I be zi iic sulphide 
coiilinned lo llnoresctr wit bout, any iiotic.i*able diininu- 
lioii ill llie iiil(*iisily ol the li.u:lit einitled. ;V liiglily para- 



<1o-\irMl rosiilt.! li lliioivsreiici* is Ciiiised by rnilioaclivc 
rays, Ukmi ladiuin omits Ilirso rays williout auy visibio (k*- 
croaso in ijilojisily vahlinuiMsltj and lor an iiidofiniloly 

loji^r lijiK*. 

;\o\v ln>Nv ran Ibis bo? Tboso rays rniisl. possoss ('Jior^^y 
as all olbor rays do. Aiid iloos not tliis moan I bal radium 
is onnslanl ly radial inj^ onorjfy? 1dio ajiswor In lliis (juos- 
lion was ^ivmj by Piorro Cario. 

Soon altor obtaiiiini*' slronj^ |>r(‘j)araliojis ol radium Jio 
nol ir(*d tbal I In* suljslanoo oontainiiifj radium was always 
warmor Mian Mio surrounding; objrols. Ho docidod to inako 
us(‘ ol Ibis I'aot. to moasuiv Ibo onorgy liboratmJ liy radium. 
Ho Look a oalorimolor (aji inslruiiKMit oommonly usi'd to moas- 
nro Liu'rmal (oior^y) witb walls Lbiok onou^di lor Ibo radio- 
aclivo rays lo bo alisorbod onliroly in Ibom and iji Ibo ico 
witb wbicb it was fiilod. Sinco by tbal limo o\poriinental 
data on llio alisorjition ol radioaolivo rays by various bodios 
woro sullicionlly woll knowJi, a oalorimolor ol Ibis typo 
oould i.'asily bo dosi^nod. 'I bo amount ol" onorgy Jilicratod 
by Ibo radium could bo judged by I bo quantily ol moiled 
jfo. Knowijig bow mucb boat is rcajuirod lomolt one gram 
ol ico (molting boat) and Ibi^ woigbt of tbo moiled ic(‘, it is 
})ossiblo to dotormino bow mucb boat is libm‘alod by a given 
(jiiantily of radium durijig lb(‘ period of Ibo experiment. 
Jl is tben a simpk* matter lo calculaU* Ibo eiu^rgy liberated 
liy one gram ol radium per secornl. 

From Ibese moasiinunoiits, (birie foiuid tbal oik' gram 
of radium liberates in one bour KiO (*alories, wbicb is not 
a very large (ujorgy (it may bo ri*call(‘d tbat one calorie 
is I bat amounl of beat capable of boating one gram of water 
one degree* Centigrade), riius, tin* energy liberaU'd by radi¬ 
um is so small tbat tbo amount required to beat one glass 
of water lo bf)iling is liberat(*d by ont^ gram of radium only 
in six days. 

'rin* energy reloa.sed by radium in one bour is small. Hut 
it is r(d(*ased continuously during a very long period of 
time, (kinsequently, the total amount of energy liberat(‘<l 
by radium is great. I'be natural ejuestion is, wliere does ra- 
ilium get all Ibis energy? 

One of the basic laws of |)liysics is the laW' of conser¬ 
vation and transformation ol energy. This law was estab- 
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lislied oil tlio bnsis of ol>st*r\ al ions and invosl/igal ions 
and i.‘inl)i’ai't‘s and suininarizos all I hi; lads known to 
sc if 111 * 0 . 

According to this law enmitf is nriilwr emoted nor dc- 
slroifed: viu'igti /not/ onlt/ be transjormed from one forni into 
another. 

'Ihc onoigy of railioaclivo snhslancos is roloasod in iho 
fonn of radioaclivf rays. Il should hi' nolt‘d lhat this goes 
on coniimiously. At Ursl, worUois wore nnahli* lo connod 
the lihoralion of (‘iiorgy with any changi'S in thi> radio- 
active siihslances I heinsidves. Tlie siifiply of Ihis energy 
in radioactive snh.'>^lances seemed limit h'ss. 

'Tin; dilticnlty t iiat arosi; in I hi* study of radialion by 
radium was made worse by other discover(‘d facts. 

(finite naturally, when Nve wi.sh In study a phenornenoii 
our task is to lind the lorc(‘s of nature that atlect this (die- 
nomeiinn. to tind those things that an* ca[>al)le ol chang¬ 
ing its character. When those torces are found it is easier 
to maj) out the route tii be traversed so as to connect the 
(dietioniena at hand with other lamiliar phi'iiomi'iia. Here 
investigators did not nie(‘t success eit her. '! hey wen; iinahle 
to liini any means capable of inlluenciiig the radioactive 
power of radium. High and low tempi‘ral ures were tried, 
strong (dect ri<* and magnetic fields were applieil, tremendous 
pressures, and the strongest possible chemical rea,gi‘nts wi'ri; 
put to use, but not a singh; one of the most powerlul weap¬ 
ons of the physical laboratories alVected the radiation of 
energy by radium. 

At I Ik; la'giiming of this century the word radium was 
spohen of by many. Tin; riddle of radioacl i \ i ty was spurring 
workers in all lields, and esjiecially physicists: and nearly 
all of lh(‘m weri^ endeavouring lo tind an i‘.\plaiialion of 
the.se ap(»arenlly mysterious facts, fliere was only one thing 
lo be ilone—stinly the properties of radioactive rays 
ami search for traces of changes taking place in radium. 
Jint how was one lo seek them? 

In tile I'lTort to decipher the secret of radioactivity, 
m(‘n of .science sl rnck out in dilTerent ilireel ions and the 
results of their titanic creative emleavours were not long 
ill telling. 



lishcd oil tlu? linsis of obsorvalions and invostip^alions 
and oMilirace's ainJ suininarize's all I lui lads known to 
science'. 

Acc(»rdiii^ this law vnrniif is nrithcr created nor dc- 
stroi/rd: eneritt/ tnaij an If/ be t ransjormed front one fornt into 
another. 

dhi’ e'lU'igy of radioaclive' snhslance*s is rt'U'ase'd iji Xho 
form of radioarlive' rays. It sliouhl Ix' nole'd Ihal this ”<)e\s 
on continuously. At. first, we^rkers we'iv unat>le' to coniu'd 
the' liheration eif ('ne'r^y with any chan^^es in lh(> railio- 
active* snhslances t lu'insi'K e's. 'riie siifiply of this e'ne'rgy 
in radioactive suhslance's se'e*ine‘d limit h'ss. 

I lu^ ililticulty that areise^ in the study of radiation by 
radium was made worsen l>y othe'i* discovi're'd facts. 

(finite naturally, when we* wish to study a j»he*iiorne*non 
our task is to lind the* lorci's e)f naliirt* that. alTe'Ct this |die.'- 
nomenon. to lind those* thiims that ai'i* ca|)al)le^ ol chang¬ 
ing its characte*!'. When those* lorces are found it is easier 
to niaj) out the route* l(» be traversed so as to ceinnecl the 
[ihe'uoiiK'na at hand with ol he*r lamiliar ph(*nom(‘na. Ile're 
iii\'esti.ural ors did not iu(*(‘t siicce*ss eilhi'i*. I he'V \\e*r(? unable^ 
to limi any nu'ans eapabU* of inilue'ncing the radioactive', 
powe'i* of radium. High and low tempi'ral ures wi*re tried, 
si roiiu’('leu’l ri<* aiul magnetic holds wt're^ applied, Ircuueudeius 
pres.sures, and the si rongest possibh* clii'mical reage*ids Wl*r(^ 
|mt. lo use, but ne»t a single e)ne of the* most powe'rliil weap¬ 
ons e)f the physical lal»e)ralories alVecled the? radiation of 
e'nergy b>' radium. 

At IIm^ Ix'giimiug of this ce'iitury Hu* wonl radiuiTi was 
spoke*!! (.)f 1»\' many. I Ik^ rid«lle e»l raernjae'l i \ i ty was spui ring 
workc'i'S in all lie'ld^, ami e*s|!e*cially physicists: and ne*arly 
all e»f t he*m wert^ ende*avouri ng to lind an e*.\ planat ion e)f 
I hi'.se apparently mysh*rions lacts. I’here* was only one* thing 
lo be* u'oue—study I he^ propertii*s of radioaclive rays 
ami search for traces e)f change's taking jilace in radiiiin. 
Jiut how was ones lo se*e‘k t he'm? 

In the elTorl to «ieciphi*r the* secret eif railie)activiIy, 
jn(*n of .science* struck out in dilTe*ri*nt directions and the 
r(*sulls of their titanic creative endeavours were iiot long 
in telling. 



A1|)Ikk Itota aiifl Ganiiiia Rays 


Wo liMVO alroaily S|)okoii ol‘ the iiuiriorous alloiiipts to 
iniluoiico Hhj ca[)acily ol radiuni lo oinil radioaolive rays, 
'riioso alli'iiipls proved frail less. However, in I ryiii^ lo 
ael Oil radiiira vvil lia rna^iielic li(‘hl Hierre and \Jari(* (airie 
iiolieeil llial alllioiif^li Hie eini.ssivily of radium (wlien Hio 
laller is placed in a mairiielic fiedd) <loi‘s iiol. chaiig(‘, i. 

Hu' iidensily of radiaVion remains ronslanl, Ihe radioac- 
livi* rays I hemsidves iiml(‘ri»‘o p-ivil cliau^(‘S wlum passiiu*; 
Ihroii^Jia rnayindic liidd. A ray thal is liomcvefmieous prifir 
lo enlerint? a mai 2 ,iadic lieltl. is dixiiled l»y this lield into 
1 wo rays, one ol which doi‘s nol s(H*m lo lu‘ anVeU'd al all, 
whih.s I la* ol her sharply chanm's its diieclioii of mol ion 
under I la^ inllnence of Ihe held. 

AI Ihe lime ol H(*c(|iaM*(*rs (‘\peri rnmil s, physii-isls wer(j 
alri‘ady acqnainhal wilh rays lhal are dellechal in a mat^- 
nelic lield. d hi'se wen* elerl rically cliartred parlichvs moving 
in one diria l ion. ll was possihh\ irom I he delleclion, lo 
eslaldish I h(* si^ii of Ihe chaivn\ More delaihal data could 
Ih^ ohlained l»y ohservinj*’ Ihe moNeimmI of lln‘se pari ides 
in a rna^nelii^ lield and an (deciric liidd. As wi‘ shall shorl ly 
sec*, il is possilde lo delc*rminc^ in this case nol only Ihe charge 
Iml also ils relalion to I lie* mass ol 1 hi^ mo\ ini» parlich*. 
l’’rom Ihe Cairie (‘\|»eri mi'iils il lol lowed lhal I he* rnovini^ 
charges wen* ne,i»al i ve, ami the* measm’c'd ralio ol I he* c-har^rc^ 
lo I he mass jn civc’d ecjual lo r>.,‘5 U)*' elecl roslal ic units 

per j^ram. Ideclrons, which have a ni'iralive (‘l(‘clric char^^i?, 
possess Ihe same ralio ol cliari^e lo mass. From this com¬ 
parison one could conedude^ lhal al h*asl a pari of Ihe rays 
ernilU'd hv radium conijirises electrons. 

Ihe speed of Ihe eli'Clrons emit led hy radium was also 
measured and was found lo he very hieh. Some of Iheiii had 
a .sp(*ed closer lol hat of li^dil, i. e., ni'arly o00,0()0 kilo- 
mi* Ires |)er .second. 

The.'^e invesli^alioiis lifted sli.uhl ly the mysterious 
veil lhal still covered Ihe radioadive rays. Il was found 
that radioadive radialion had a compl(‘X composiiion, corn- 
pris(*d, in pari, of elect ions. This view concerning radio- 
aclive radialioJi was also confirmed hy Hu^ complex char- 
ader of Us absorption. It was established lhal when radio- 
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active radiation passes llirouf^li matter ol varying thick- 
Jiess, it is at lirsl slrongly absorbed by the sul)stance and 
Jater so i nsignilicaiitly I hat it. is capable ol passing t lirongli 
considerable Ihickn(‘sses. It was Jiatural lo assume that tlm 
slrongly absor'oed part ol* tlie radioactive radiation was 
made n|» ol ehnlrons, whereas the nndelli*cle<l part of the 
radiation was precisely lliat |)arl whicli is lec'bly absorbed 
in mailer. llowevi‘r, special cwperiments carried out by 
Hnlhin-lord showe<l that also I he nndeflecled part is simi¬ 
lar lo llie entire radioacliv(* radiation, judging by th(‘ na¬ 
ture ol' its absorption. At jirst it is ab'^orbed very appre- 
ciahly even in thin layers of mat Un*, and then the ab.sorj)- 
tion sharply lalls olT. 

Hntherlord concluded that tliis part ol* the radioactive 
radiation also had a complex coin|K)sition. Ap|mrently, 
the magnetic held used by Pierre and Marie (ajrie w'as not 
strong enongii to separate it into its component parts. Ami 
so Ituthertord repeale<l their exp(‘rimejits usijig a much more 
pow’erlul magnetic Held. 

The result of Rutlierlord*s experiments was aslointdijig., 
'J'he beam ot rays, which in tJie (hirie experiments was not. 
defh^cted in a magnetic field, in its turn split into two 
parts: one, as be!ore, was not deilecled, and the other w'as 
but slightly <leilected Irom its initial dir(H:lion in a strong 
magnetic field. 

1’he intiM'(^sting thing about these rays was that they, 
deviated in a direction opposite to that ol Ihc^ electrons. 
P.oiiseqneiitly, lliis part ot the radioactive rays was also 
composed ol charged jjarticles (since a inagiii'tic field does 
not aflect the movc'meiit of uncharged particles), hut this 
time chargeil positively. Experiment showed that as lar as 
ahsorptioJi was concerned the new^ compoiKuits ol th(? rail in¬ 
active rays hehaved in a very definite manner. 

That part o! the radiation which w\‘is not at all dcllect- 
ed in a magnetic lield was absorbed inappreciably, wiiereas 
the part that Rulherlord first succeeded in dellecting was 
absorbed very intensively. 

It turned out that the rays first observed by Recquerel 
were a mixture of tliree types of rays. 

Figure 1 shows diagrarnmatically the separation ol ra¬ 
dioactive ray.s in a magnetic field. 

JO 



RadioacliVO rays consist of throe different types of rays. 
Each typo was ^iven a special name and designation: 
alj)ha (a), lu^ta (fi) ami gamma (y), the first three loiters 
of the Cire(‘k alpha hoi. The alpha rays were those which 
a magnetic Jiold only slightly 
didlocts and w'hich con¬ 
sist of positively charged 
particles. The rays that / 

are rather easily defloct- / 

0(1 by a magnetic field / 
and are made up of electrons / 
became known as beta rays. J 
.Aml gamma rays was the ‘ 
name given to those that 
are not at all alTtaded by \ 
a iiiagnotic bold. 

It should l)e noted that 
aljdia rays are delh^cled 
in a magnetic field in the 6 

'orm of a narrow beam, 
vvliereas the beta rays are 
deflected in the form of a 
broad, sprea d- on t bea m. 

'J'his is because the alpha 
rays emerging from the 
•adi urn are of the same 
•n(‘rgy, while the beta rays 
are a beam of electrons of /• Exporinicnlal firrnngoiTicnt 

dilTcrtMiL oiicririus. soparaUoi. ..f incliaaclivu rays 

hy a inagnolic lie Id. 

7 — r.'ulioacl Ive .suhsLaiice; 2 — lead bojj 
nni..n. «r Alnlio (with narrow canal) conlalning radioao- 

TIlC llOpeitiCS Ol AlpIlSl, tlve siihstanco; ,?-rays not dcJ lcclcd 

Beta and Oailliua Hays by niagnctic rield (gamma rays); 

iKim vtUiiHitE j 4—rays weakly deflected by magnetic 

.. P field (alpha rays); .5 — rays strongly 

The separation Ol radio- deflected l>y magnetic r teld (beta rays); 

active rays into alpha, beta field. 

and gamma rays made it 

possible lo investigate their properties individually. Fol¬ 
lowing aro some of the results of these investigations. 

Absv'ption, Alpha rays arc ahsorknl most readily. A 
thin (O.Oo inrn.) sheet of mica or aluminium absorbs alpha 
rays almost completely. It is enough to wrap the radium 
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ii\ orJinavy wriliiig paper for all the alpha rays to be ab- 
soi'IhnI. Alpha rays are strongly absorl)e(l in air. Even a 
layer ul air absurlis the alpha rays of radium almost 
in tola. 

riie absorj)tiojj of beta rays by matter is considerably 
\\eaki*r. "i'liey are still able to pass through an aluminium 
loil oi several millimetres in perceptible quantities. 

The absorption ol' gamma rays is many times less tlian 
t hat ol' beta rays. The gamma rays pass through an alumi¬ 
nium plate st‘vi‘ral l(*ns of centimetres in thickness. A 1.3-cm. 
plate of lead reduces two-fold the inlensity of gamma rays. 

Alpha, beta, and gamma rays differ not only in the de¬ 
gree of absorption; t lu're is a still greiiter differejjce in the 
jiatnre of the absorj)t ion. This is most readily seen by the 
varying intensity of these rays as the thickness of the ab¬ 
sorber i nc reuses. 

JJeta and gamma rays are absorbed gradually. Even the 
slightest lay(n*s of matter ah.sorb these rays to some ex¬ 
tent. The number of (de(‘trolls and the intensity of gamma 
rays gradually fall off as the thickness of the liltering 
layer is increased. 

Alpha rays ludiave in (piile a differimt manner. In pass¬ 
ing UiiMingh a small amount of matter thenr number does 
not change. It. is only their energy that diminishes. As the 
thickness of t hi? absorber increases, the energy of the fiar- 
ticles continues to diminish, but their nunrber remaijis 
coiislant.. Tliis continues luitil the thickiiewss of llu^ absorb¬ 
ing layin- readies a certain definite value. An alisorbor of 
this Ibickness will then slop all the alpha particles at. once. 

Thus, each alpha particle carers a rr/*// dcfinile distance 
in a given substance. This distance is cnlJeiJ the range of 
the alpha jiarlicle: it depends on the eiiin'gy of the ]iarticle 
and on the nature of the substance in wbicli the particle 
moves, liy correlating the range and energy of al[dia yiar- 
ticles it is then po.ssible to determine the energy of a jiarli- 
cle from its range. I'liis method is used to measure the energy 
of alpha ])articles. 

Ionizing Arlinn. Another irnportaiit jiroperty of radio¬ 
active rays is their ionizing action. We have already poiiit- 
eil out that air (and also other ga.ses) lii'comes a conductor 
of electricity when acted ujioii by radioactive rays, proiluc- 



ing electrically charged particles called ions. What is the 
ionizing capacity of al|)}ia, beta and ganiina rays? 

Alpha rays possess the groalesl iojiizijig capacily. I'hey 
ionize air roughly one hundred limes bett(>r Llian beta niys 
emitted from the same radioactive source. Gamma rays 
ionize air much loss than beta rays. 

There exists a definite coniicctioii betwe(*n I he absor|)liou 
of alpha, beta ami gamma rays ajid their ioiiizijig capacity. 
Those that are more ionizing are more readily ai»sorbed. 

lojiizatioii of the air n^quires energy, it was estali- 
lished that an energy equal to 33 elec!ron-volls* is required 
to form one ion pair in air. Sijice an alpha ])arlicle pro¬ 
duces many ions in moving through the air it uses up a 
great deal of ejiergy. This is the reason why (as d(‘scribed 
above) alpha rays are so strongly ahsorl)ed by dillerent 
substances. Further on w(j shall relate how thi? nuinlu*r of 
ion pairs created by an alpha f^arlicle was measured. Hero 
we shall only state the number. It was found that a single 
alpha particle creates in the air about 200,000 ion pairs. 
This enables us to evaluate the eiimgy of one alpha particle. 
It proved to be approximaUdy eqnal lo (»,000,OOO electron- 
-volts. In order to acquire such (uiergy, an electron would 
have to pass tlirough an electric lield with a poteiilial 
difference of 6,000,000 volts. 

Biological Action. Radioactive radialioti produces a 
strong effect on living organisms. If the inleiisily is great 
it may be fatal. The strongest biological effect is produced 
by those rays that ionize most heavily. The si rongest are 
the alpha rays; then come beta rays, followed by the gamma 
rays, wdiich art? much weakcjr. Yet the most dangerous are 
tlic beta and gamma rays. The point is that al|)ha rays are 
absorbed very strongly. Any kind of clothing is quite suf¬ 
ficient protection from them. Reta rays are stronger than 
gamma rays hut their penetrating power is also relatively 
low. A thick clo.se-woven fabric absorbs a considerable part 
of tliii beta rays. Gamma rays are absorbed l)y matter rela¬ 
tively weakly, and for this reason it is most dilficult to pro- 

* Nncloar pliysics uses a unit of energy called tlie olociron volt, 
which is tlio energy acquired by an electron falling through a dif¬ 
ference of potential of (uie volt. One electron-volt is a very small 
iiniL of energy equal lo only joule. 
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tcct onosolf from I heir action. If the quantity of rays 
entering the organism, or, as it is commonly called, the 
radiation dose, is small, these rays are not dangerous. 

Radiation doses are usually measured in special units 
called nmitgens,* 

A human being can withstand for an unlimited time 
irradiation that does not exceed 0.2 roentgen per week. 
It must be noted that the biological action of gamma rays 
on a living organism has a cumulative effect. For this 
r(?asou, the result of such action depends not on the inten¬ 
sity of the source of irradiation but on the dose. Doses 
of oOO to 000 roentgens received during a relatively brief 
period of time usually prove fatal. 


Wlial Is an Alpha Particle? 

We have already noted that alpha rays are a beam of 
positively charged particles. But. what kind of particles 
are they? To answer this question Rulherford f)assed alpha 
rays through an electric field and a magnetic field and stud¬ 
ied how alpha rays were dellected from their initial direc¬ 
tion. 

Let a cliarged particle he movijig in an electric field 
so that the force acting on it is perpendicular to the direc¬ 
tion of its motion. Such a particle moves like a stone throwm 
parallel to the earth's surface. Under gravity, the stone 
is displaced vertically, and as wc know from mechanics 
this displacement will equal: 



where g is the acceleralion of the force of gravity and t is 
the time of motion. But the acceleration which tlio electric 
field imparts to a particle with charge e is directly propor¬ 
tional to the magnitude of the charge e and inversely pro¬ 
portional to the mass of the particle //?, i. o., 

_eE 

_ 

* A roentgen is a dose of radiation in w’liich 2,000 million ion pairs 
arc formed in one cubic centimetre of air in normal conditions. 
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wlicTt> gE is llio accclcralion of the particle iji an ch'clrio 
field, and /s’ is the electrical field slreiigth. 

If the distance iji tliii electric field is /, the speed of the 
particle a, then the lime during which it will pass through 
the electric field will he: 



By suhstilutiiig the oblained values of gE and / into 
the exfiressioii for .v, we will iind that I h(‘particle in cover¬ 
ing the dislaJice / in the electric lielil will experience a 
displace me lit of s^\ 



Thus, it comes out that the displacement of a charged 
particle in an electric field depends i)olh on known values, 
the distance I and the electric, held slrenglh Ji, and on un¬ 
known values, the speetl of the particle n and the ratio 
of the magnitude of its charge c to thi* mass ///. However, 
since we do not know I he speed of an alpha particle even 
if we measured the denection of these panicles in an elec¬ 
tric held we would not he aide to determine the ratio 

hut would determine only the ])ro(luct . But if 

the charged [larticle moves not only in an electric field 
hut also in a magnetic field, it will e.\perience two dis¬ 
placements: one Irom the action of the electric force, and 
the other from the magnetic force. The magnetic force 
acting on the particle depends not only on the magnitude 
of the charge and the magjietic iiitensily hut also on the 
velocity of the particle. Accideratioii in a magnetic field 
gn is equal to: 

vflu 

wh(TO 7/ is the maffiielic intensity, ami iJic other Idlers 
are the same values as in I he preceding case. 

'J’he displacement experienced by a particle which cov¬ 
ers a small distance I in a magnetic field is equal to: 

( 2 , 

" 1 m \ fi J 2. mu ' ' 
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Although the (lenectiori in the magnetic field is also depen¬ 
dent u])()n the S|iecMl of the particle and the ratio—, this 
dependence differs from that found iji tlie case of an elec¬ 
tric field. The deflection is determined hv the ratio , 

nm 

that is, it. depends not. on the kinetic energy of the par¬ 
ticle as ill lh(‘ casi^ of the electric fitdd, hnl on tJie momen¬ 
tum ////# of the j)arLicIe. I’sing the t\vi> equations for Sjj and 

.vi., each ol wliicli contains two unknowns - and //, it is 
]»ossil)le to d('termine lioth. 

1"hat is exactly wJiat Kutherfonl did. 'riie result ol' his 
ineasureinenls was: JO'^ elect roslal it* units per 

gram (3), and thegr(‘alest vtdocity // was 'Ji),00() km. f)(*rsec¬ 
ond. 'I his is a tremendons sp(‘e(l, J)iil still it is irom 10 to 
If) times less than tliat of tin'. eh*ctrons ol beta rays. 

It may he recalled that for elec trons llji.‘ ratio f)l charge 

to mass — was found to he 3.3: 10” eh‘( trostatic units 
///- 

per gram. 

:\ comparison of the ratio ^ lor (‘l(‘clrons with thc^ value 
obtained by 11 utlicnford for alpha particles sliows that 

the ratio ^ for alpha particles is roughly 3,(>00 tiinc's less 
than for electrons. 

Since we do not know of any charge that is less than 
that of a single electron, Irorn the abovi^-slatt*d lact it lol- 
lows lhal the mass of an alpha particle is several t honsand.s 
of times that of an electron; in other words, tlie mass of 
an alpha particle is of I lu‘ same order as that ol individual 
atoms. 

'J'he earlicn* nieasnrcMl ratio y- lor hydrogen ions is equal 

to 2.Hb, 10” el(*ct roslalic units per gram, wliicli is twice 
that of the al|)ha particles. A correlation of all these values 
led Hullierford to the natural conclusion that the mass of 
an alj)ha particle is of the same* order as the mass of anatom 
of hydrogen or close to it, ainl that consequently an alpha 



particle may be an ion of some unknown substance. But 
what substance? 

II llie charge ol‘ an alplia particle were the e<iuivalent 
ol' one elementary charge,* the mass of the alpha j)article 
woiibl be twict! as laif^e as the mass of a hy<lrogen atom. 
But in those (lays no such element was known with anatomic 
mass twice that of an atom of hy«lrogen. It could, of course, 
be that the al|)ha particles were really ioJii/A'd atoms of 
some unknown element , but Rutherfortl surmiseil otherwise. 
He assuineil tJiat tiie charge of an alpha particle was not 
e(|nal to the charge* of an electron, but greater, and there¬ 
fore its mass must also l»e ticmvier than that of a hydrogen 
atom Jiot by a factor of two, but more. If we lake* the charge 
of an electron as a unit ainl consider that, the charge of 
an alpha particle is equal to twt>, theji its mass must come 
to lour, in this case the al|)ha partiide could be a doubly 
ionized atom of helium (that is, one minus two elec¬ 
trons), bid. if the alpha particle carrieil a charge of say 
six' units, then its mass would have to be twedve times that 
of an atom of hydrogen, in which case the alpha particle 
could be comiianul with a .sextiiply ionizeti atom of carbon. 

Ruth(?rford and Soddy advanceil the following hypothe¬ 
sis: alplia jiarticles are atoms of helium with two electrons 
detached, thus jiroducing a [lositive charge of two units, 
t hi^ ratio of the charge to the mass becoming i/I'i .< 10*"^ edec- 
troslatic units per gram. 

T\wy .saw their hypothesis corroborated in a well-known 
but hitherto unexplained fact. All minerals containing 
radioai’tive substances always contained helium as well. 
'Jdiis rule was without, exception. It seemed strange that 
lielium (a gas chemically ab.solutely inert) always accompa¬ 
nied railioactive substances, whereas it was never found in 
any other minerals. One could be safe in saying that if 
Jieliiini was found in some mineral, then radioactive sub- 
stanc(\s were sure to be present. 

Rutherford and Soddy gave this fact a natural explana¬ 
tion: helium does not get into minerals containing radio¬ 
active substances from oiiUside; it is formed within them 


* Till* imij](‘iirnl valiu* of ttic fliarao of an clcrlron is railed an clo- 
inciitary rliargc. 



lu'caiiFo radioadivo siibslaiiccs eniil rays tliat in part 
arv atoms ol holiiini (doubly ionized). 'J'Jiis liy|)othosis was 
ol exce|»tional si^ni lira nee. Sijict^ I he time ol‘ Lavoisier 
and Dalton scierUisls had considered the chemical ehunenls 
eternal and immutable: they we?*e never destroyed, never 
created anew and could never pass Ironi one ijito another. 
'J’lie only thing possible was their combination ijj dilTerent 
ways to create all the diversity ol the world that sur¬ 
rounds us. Undonbl(*dly, trom J^avoisier’s viewpoint (the 
iminutability ol’ Iht* chemical elements) uranium and tho¬ 
rium, and also polonium and radium, that wine constautly 
emitting radioactivi* rays, hehavcnl very strangely, llow- 
(*ver, this was no dir(*ct coiitra<liction to tlie views oi La¬ 
voisier, tor not the slightest cliang(‘s in radium or iji lie 
other radi(jactiv(‘ elements could be lound. Still, llu* hy- 
potbcsis ol‘ llulberlbrd and Soddy j)ul into (|m\slioii the 
basic conclusion ol' Lavoisier and Dalton. For did not this 
hypothesis require that the chvmica} elrmcnl of Iwliiun bn 
b )n} (in the lorm ol radioactive rays) somewlKU'i' inside 
oi radioactive substances. In make such a revolnlionary 
conlentioJi in sciejice one ol cour.‘^e jj(‘(*ded [acts llnit vere 
more solid than those at the disposal oi HnllKulonl and 
Soddy. .\jid lh(‘se Facts wer(‘ not long iji (he seeking. 


Kadi mil Eiiia nation (It ad on) 

As early as DOG Pierre and Marie Curie noticed that 
the air about radium iK'cojiies radioactive, i. e., it. lu^gills 
to emit radioactive rays. However, they did not giv(^ an 
explanation to this strange phenomenon, ami the meaning 
of it escaped them. Rntherford ajid Sodd\ iiiir.ive'led this 
puzzle too. 

Their experiment was simplicity itseli both in ju*iii- 
ciple and in execiitioji. "J’hey made use oi the ability of 
radioactive substances to cause flnorescejme. In order to 
investigate separately llu; radioactive properties of air 
that has been tor some time close to radium, they took a 
glass tube with two cocks, one at each end. In this way 
one could isolate the air inside the lubv> Iroin outside effects. 
Then they put inside several pieces oi tlie mineral willem- 
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ile tUal fl II (HUSH'S .vi‘rv woll under I he action of radium 
rays. J’lial was all tlial was jiih'iIimI in I.lie way of a[)f)aralus. 

And the experimeni itself was extremely simple. A cer¬ 
tain amount of air that Jiad lieeji in coniacL with radium 
for a loJify lime was passed into tin- tiilu': both cocks were 
closed and tlii' lube w^as taken into ajiolher room far removed 
Jrom the radium. Despite tlu' fad thal Ihere was Jiow Jio 
radium, llie willemiti* ^dowed brightly. 'J'he brilliance was 
iusl llie same as wheji it was in the immediate vicinity of 
radium. Soddy ilescribes Ihe lif^bl comini^; 

Irom t he willt'inilc* asbeinj? so strong that la* if 

could r('ad I la* headTuies of a ni*wspap(*r and 
lell the lime by his watch. However, wlien 







b'ig. 2. Hnl h(*rforil-S4)d<ly (‘.vpiM-iinonl. 

i — hibo. conl:iinlii« wilhMiiiU* mii‘d wilh r.-Kiimii iMnanali(.ii; - Vf'.ssol \yilh 
lidtiiiJ air- — I-sJiajK'd IiiLm: lor raiinim ••iiumalum; ■/— Ilar^Jt 

fMjitrd iiisidr wiUi zinc siilidiidr; - iiiJiIkt >,yrini'i‘ ummI to ininii.) ciiiaiialioii 

:iir iiitn fhmk. 


the air was lei out of the tube Ihe willemite c(*a.sed to lu¬ 
minesce. Rutherlord iiinlerslood that railiuni was all the 
time emilting some sort of railio.iclivi* gas, which la; called 
“radium emanation.” IIis gia*ss w'as doubted by juaiiy, and 
it was no easy job lor him to jHove his |)oint. 

Ill order t.o"])iove that radium emanation was an ordinary 
gas, Rutherford ajid Soiidy decided to turn it into a liquid. 
To <lo this, they connected the tube containing the radium 
emanation and pieces of willemite w^ith a tank coaled in.side 
wdlh zinc sulphide, wliich is also capable ol luminescing 
iiJider the action ol radioactive rays (Fig. 2). A U-shaped 
lube was in-verted belw^een the lube with the willemibj and 
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tlu' vt*psrl willi zinc snl|»bi<lc. I'ho could ho cooled 

lo U)0"' below zero by iniinersiun iji Jiijuid air. Willi Ujo 
U-tube ill liquid air, Uiey began lo l)Jow through it the air 
containing I he enianal ion. But no matter how much they blew, 
the zinc sulphidi* in t lie vessid ilid not glow. I'he emana¬ 
tion did not reach it becaust* it was ail slopped in the 
I'-tubu. The willeinite in the tubci luniiiiesced while the zinc 
sulphide ill the ilask <lid not. However, one had only to 
take tlio U-tubo out oi the liquid air and warm it up lor 
the zinc sulphide lo lu'gin immediately lo glow. Thus, 
radium emanation coubl be licjuilit'd by cooling and could 
be again lurne<) into a gas by healing. Hence, it is an ordi¬ 
nary, though radioactive, gas, and not sornt* sort ol' slate 
intermediate between common matter and the rays of light, 
as Pierre and Marie (airie had sufiposcnl. 

Rutheilord and Sod<ly very soon encountered one more 
very interesting tact. TIk' aim of one ol* their (‘xpcnimenls 
W’as to determine what happens to the enianal ion in thecourse 
of time. The (‘xperiment was .simple*. 'rhi*y Jilled a tube 
with air that imd bi‘en close lo radium, whicdi, as we al¬ 
ready know, contains radium (unanation: then they clo.si'd 
the cocks and observed from time to lime what ha|)|)ened. 
'rh(‘ ob.'^ervat.ion was conductiMl by Hk* luminescence of the 
willeniite (the tube was in the dark). Si‘veral days later they 
noticed that the* intensity of luinine.scemce of Hie willeinite 
had lallen otT. By the owd ol a inonlJi it had ceased alto¬ 
gether. 

Idle results of this sim[)le e.xperimonl were of e.xcep- 
tional iiri[)ortance lK*canse this was the lirst case when a 
railioaclive subslauce had lost, aller a lapse ol tinni, its 
ahilily lo (‘mil radioactive rays. 

Till? t^\periinenls of Biitiu'rlord am! Soddy sIiowcmI that 
radium emaiiatioii disajijiears in lime. The question then 
arose: into what is it translorm(‘d? The answer was found 
in the work of Hamsay and Soddy. 

I’o study the transformations ol radium (‘inanalion, these 
workers decided lo make- a .sju'Ctral analysis, which consists 
in the following. If an el(*ctrir current is passed through 
a lube Containing the rarefied gas under investigation, 
it w^ill begin to luminesce, and the colour of this lumines¬ 
cence will de|H.*Jid outlie Ivpi? ol gas. H an analysis is made 
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of this gas in a spcclroscopo, it will bo seen that it con¬ 
sists of individual linos that corn-spond lo dofinilo simple 
(lUoiKjchrornalic) colours. The totalily ol those lines inako 
U|) wha.t is called the S|)octruin. 

Tho, spectra of dilTorenl. gases dilTor. In the spectrum 
of each gas there are lines that are sp(‘ciiic only to the 
given gas. By determining in I he sjieclroscope which lijies 
appear, it is possible to eslablish I he gas at liand. This 
was the method of spectral analysis that Jiainsay and Soddy 
decidetl to use in studying the emanation. 

They lilled a Sj)eclroscopic tube (a glass tulu.‘ witJi two 
electroiles soldered in it and with a very narrow central 
part) with air ihal contained radium emanation, then 
sealed it and hc^gan lo obsm’ve lh(^ luminescence of the 
gas. 

Besides the familiar lines that belonged to nitrogen 
and oxygen, that is, gases found in the air, they delected 
hitherto unknown bright lines, which it was natural to at¬ 
tribute lo radium emanation. Tliey carried on day-to-day 
observations of the Imninoscence in the S|)ectroscopic lube 
and soon Jioticed that the luininc.scence inlensily of the 
lines tJiat belong to the emanation gratlually diminislied. 
d liis was in full accord with the experiments of Bnllierford 
and Soddy wlio had already proved that radintn emanation 
disappears in time. However, llam.say and Soddy inded a 
nt^w fact. It was fouinl that as Iho inliuisily of I lie liiuis 
ludongiiig to the emanation attenuates, new lines ap|)(*ar in 
the sj)eclrum of the luminescing gas. Tint weaker the in¬ 
tensity of the emanation lines J)ecame, the lu’ighter did 
the now lines glow. .And especially remarkable was the 
fact that the.se new lijies coincide*! with the very familiar 
lines of the gas helium. The radium emanation transformer! 
into another gas (helium) before the very eyes of the as¬ 
tonished i nvestigators. 

The description of tho.so experiments has brought us 
back to heJiiim again. UecaJI now that when Rutherford 
studied the radioactive rays emitted by ra*lium, he had 
supposed that alpha rays were the doubly ionized atoms of 
helium, ami when Ramsay and Sod<ly saw with their own eyes 
helium arise from the radium emanation, Rutherford and 
Royds performed the culminating experiment which showed 
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with finality that alpha rays are nothing other than helium 
atoms. 

This was the r\fn^riincnt. Hullierlor^l iuul l{oy<ls 
a c('rlaiji (|uantily ol euiaiialion in a glass tube which was 
so Uiin-walled thal i‘ven Ihe strongly absorluMl alpha rays 
could j)on(drale il lr(H*ly. This thin Inhe was th(nj placed 
inside a large vessel connected with tlu? spectral lube. The 
air was theJi putrip(Ml out ot this vessel and, lienee, also 
out of the spectral tube connected to it. I'his was done 
as thoroughly as the technology of that lime permitted. 
The evacuation was so jx'rfect that wheji a j)otential was ap¬ 
plied to the spectral tnlie, no current passed through it 
and it was impossilde to notice even t hi‘ slightest luinines- 
ccuice. 

Two tlays later when alrea^Iy a goodly number of alpha 
particles, wbicli ItuliKulord surmised to be ious of iieliuin 
atoms, could have peiu'trated the thin walls of the tube 
that contained radium (‘irmnation, a voltage was again 
ap|di(Ml to the <‘lecl rodes of t lu' spectral tube, lint this 
time current jiassed through the lube and the gas in il. 
glowed brightly. The speclroscfipe showed a l>righl yellow 
line, cliaraclmisl ic of iKdiiim, and s(‘veral days later lliere 
lK‘gaii to ai)]>(‘ar olb(‘r,W(‘aker lines of the belinm sped inin. 
H III borfurd’s liyjiot li(*sis was brilliantly confirni(‘d. 'riie 
origin of helium iroin radium and radium emanation was a 
lad. 

Alter the e.vperimenis of Hntlierford and Royds and also 
Ramsay auvl Soddy it became apjiareiil thal Ijavoisier’s 
leaching ol the immutability of llu* chemical (demeiits was 
not (‘xad: in Rutherford’s experiimuits the chemical tdement 
of lielinm arose from the dumiical element of ra<lium. Fur¬ 
thermore, helium arose also I'rom radium emanation, the 
nature of which, by tlie way, had not been very exactly 
eslablisheil. (loubl it not. Ik* that the radium emanation is 
also a chemical eleiiuuit? 

This was what Rutherford and Sodily supposed. They be¬ 
lieved that radium emanation, just as lielium atoms, arises 
from radium as a nvsult of tin? transformation of its atoms. 
But this is not all. They e.xpressed a still more general 
liyjiolhesis. 



The Hypothesis of Radioactive Decay 


opsejici* <)1‘ I his liy|>ol hcsis is this. The atoms of all 
railioaclive suhslajires do not remain nnchaiiged for a 
giH'at length of time. As a result ol' j>roe(‘S.^es ^vhich to 
t his day are not clear to us I hey explode, as it were, hreak- 
iiig u|) into j)ieces. lladioadive rays are the “fragments” 
that, are thrown olT in such an (‘xplosion. Thealoinsof difTcr- 
ejit suhslances disinlegrale at varyijig rales. Some radio¬ 
active suhslaiices decay rapidly, as, lor example, railium 
einanalioji; others, on the contrary, v(‘ry sh)wly, so slowly 
in fact that wo arc iinahle to notice any visible changes 
in their decay. 'I'o such substances belong lu)l h uranium and 
radium. Only a negligible portion of the atoms of tliese 
substances disijitegrate each second. The entire decay 
process of emanation ceases in about a month or two. Hut, 
ill the case of other substances, this process may last any¬ 
where from minutes to thousands of millions of years. Dur¬ 
ing all this time fragments that comprise radioactive rays 
are constantly Hying out. Hut what remains alter the ejec¬ 
tion of these fragments? The experiment with emanation, 
which likewise emits radioactive rays, shows that emana¬ 
tion disajipears. It may be that the radium emanation is 
also a Iraginent that is formed in the process of the explo¬ 
sion of an atom, but one which is bigger than an atom of 
ludiurn. 

If yon look at the Mendideyev Table of elements at the 
end of this book, you will see that between the known ele¬ 
ments of lead and Lismuth, on I he one hand, and radium, on 
the other, there should be a hitherto unknown element, wdiicJi 
should havp properties resembling those of the noble ga.ses. 
C'ould not the emanation be this element? 

To make such an identiiication, one had to solve a prob¬ 
lem of extraordinary difficulty: it was necessary to de¬ 
termine the atomic weight of radium emanation and also 
its chemical jiroperties. The task w’as unusual because 
there was so little of it. Even when concentrated in the 
volume of one cubic millimetre it is in the state of high¬ 
ly rarefied gas; and it was with this insignificant quan¬ 
tity of matter that all the chemical manipulations had to 
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be performoJ. And besides it had to be weighed. This was 
I he problem that Ramsay solved. 

ill sliidving I ho cliemieal jiroporlios ol radium emaiia- 
tion ho iii'goii'nmsly uiilizotl its properly of emiUiiig radio¬ 
active rays: by this peculiarity, radium cnianalioii can al¬ 
ways be lound, even if the amount is very small. No matter 
what chemical transformation the emanation undergoes, 
wdielher it passes into solution, is precipitated, or whether 
it romains a gas—in all cases it may be detected by the 
emission of radioactive rays. By iinding out to what sub- 
slaiice th(.‘ emanation lias passed, we thus establish the chem¬ 
ical coinf)(»uii(ls that it iorms. This principle is used even 
today when sludying artiiicial radioactivity. 

iNurrierous alteiujjts to combine the emanation with other 
subslaiici's proverl a failure. The emanation of radium “did 
not want" to combine, which is exactly how all the noble 
gast‘s—heliiiin, neon, argon, krypton, xenon—behave. 

The radium emanation was placed in a square in the 
sixth ])eriod of the Mendeleyev Table, in the column of 
noble gases. By way of stressing that radium emanation 
is a chemical element, it began to be calh'd “radon,” appar¬ 
ently to make it harmonize with Ihe names of the other 
noble gases. 

To estahlish finally tlie nature of radon (radium emana¬ 
tion) it was iKMX'ssai'v to determine its atomic weight. The 
solution of I his prohlem was mil hiiikal)ly more difficult, 
but Ramsay copcfl witli it. 

1\) weigh the emanation he construcleil special micro¬ 
scales, whose sensitivity excei'ded (‘Viu'ytliing previously 
known. 1'hese scales were of miiisnai design. 'J'hey had 
neither weights, nor pans, and even the balance was nothing 
like that of ordinary scales. In place of pans, Ramsay sus- 
])cnded thin-walled and extraordinarily light quartz balls 
of dilTerent volume. Into one of them—the smaller—he 
introduced a liny quantity of emanation. The other quartz 
l)all of slightly greater volume served as a counterweight. 
Roth balls were suspejnled from an extremedy light-weight 
quartz balance. The scales were set up under a glass bell 
jar inside of whicJi the pressure of the air could be varied. 
It may be recalled tliat a body in air hjses as much weight 
as that of the air that this body disjilaces. By varyijig 
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llie air y)rossure iunli‘r Uic bell jar, Ramsay varied llie loss 
o! weight of tlie halls. When Ihe air j)n‘ssiire is iiicaeasiMl, 
the small hall loses ](‘ss weigJil than the J»ig oju*, and 
therefore it begins to overhalaJiee. As the air pressure, dimiji- 
ishes under tlie bell jar, the big hall hegijis to overlial- 
ance. Given a volumci diirerence (hi‘lw(;en the two hails) 
of 0.1 cuhii: centinud n', a pr(‘ssiire cliujige of 1 niin. of jjkm’- 
Gury produces a change in weight eiiiial approximately to 
10“’ gram, loget a correct idea of tlie sensitivity of these 
scales, it may he said lliat wo ari^ able to measure a change 
of pressure not only of one inillinielre hut even one hun¬ 
dred thousand times less. 

Working with such scales, Ramsay was able to deti'rmine 
the atomic weight of railium emaualiun or radon. It was 
found to he *21211. 

After the atojnic weight of radon had been established, 
it was possible to subject the liypothesis of radioactive 
decay to a decisive check. 1’he atomic weights of radium 
and helium had been determined long belore I he work of Ram¬ 
say. If helium and radon were actually jiroduced by radium 
then the sum of their atomic weights should e(|ual to the 
atomic weight of radium. And such was t he case. 'I'he atomic 
weight of radium is 22f).0r), that of lieliuni 4.00. 'J'Jie atomic 
weight of radon should he 222.05, which is in good agreeimnit 
with the number 222 found by Ramsay. The slight difTer- 
ence of 0.05, which amounts to roughly 0.02 pi*r emit was 
because he was ujialde to measure the weight of the emana¬ 
tion with extreme precision. 

The results of tJie measurements of the atomic weight 
of radon was a triumph for the Jiypotlu^sis of radioactive 
decay. But scientists were not satisfied. 'I'hey sought for 
new facts to confirm this liypothesis. And they endeavour(*d 
to perform the exjierimeul in such a way as to be aide to 
find out what hap[iens to the individual atoms themselves, 
and not only to the whole substance. Mtdhods had to he 
found for the registration of individual atoms, aljiha jiar- 
ticles and electrons. 
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The Spiiitliariscopo 


Croolvos was the first to find a way of observing, or 
more correctly, of detecting, individual alpha particles. lie 
spent a long lime in the study of luminescence excited 
by alpha j)articles in different iluorescent substances, 
(h’ookes' attention was attracted by the lact that alpha 
particles excite fluorescence very strongly. Willemite lu¬ 
minesces under the action of alpha rays and electrons; 
however, much less radioactive snl)stance is needed to make 
willemite luminesce when alpha particles impinge on it. 
(lannot ojk^ al])ha particle cause willemite to luminesce? 
This was what he decided to find out. 

The human eye, it will be recalled, is very sensitive 
to liglil. Kspecially remarkable is the ability of Ukj eye 
to accon.modale itself to different intensities of light, includ¬ 
ing those that are very weak. Maying thought (Irookivs, 
if the eye lias becui in the dark a long time, it will delect 
a flash of fluorescence caused by an individual alpha par- 
tich^. Naturally, to carry out this observation, it was not 
a beam of aljiha particles directed onto a fluorescent screen 
that was needeil but, if pos.sihle, individual particles. 
Despite the slow disiJitegration of radium, even a tiny speck 

I 

of one rn’lligram occupying a volume only — of a cubic 

miHiinelre emits each second about 40,000,000 aljdia par¬ 
ticles. But (Irookes needed individual particles. Here is 
how'^ he got them. 

Fig. 3 shows a sch(*matic cross-section of a “spinthar¬ 
iscope,’’ an iustrument tiesigned lor observing luminescence 
produced by individual alpha particles. A source of alpha 
particles (an ijisignilicant quantity of radium) is jilaced 
on the tip of a point S. The smaller the quantity of ra¬ 
dium, the belter. "J'he radium was deposited in the follow¬ 
ing manner. The tij) of the point was liroughi into contact 
with the inside walls of a tube in which at one time there 
had been a jirejiaration of radium. The ])oint w^ith the 
trace of radium thus deposited was jilaced inside a 
metal tube one end of which was closed with a plug /?, 
to wdiich a w-illemite screen A was attached. A lens C 
mounted in a holder 7^ was screwed into the other end of the 
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lube. And Dial was all. Il‘ we look iiilo Ibis inslriimcnl 
ill the dark, we will wilness an aniaziiijE^ spcjclaele. Vellow- 
isli-greeii sciiil/illaliojis appear at different f)()ints on the 
screen and iiriiiiedialely disajjpear. TIk' piclnro as a whole 
is like a starry sky on a dark night. It is even more beau- 
tilul because the picture in the spinthariscojie does not 
remain the same, it is conslantly chang¬ 
ing, and changing quickly. 

Each individual scintillation in the 
sj)inthariscoj)e is the result ol an iiiifiact 
ol' a single alpha jiarticle on I he screini. 

Thus, wilh the aid of a simple insirument 
one could observe the action ol individual 
alpha particles. 

Howev(*r, il was imfMnlant not only 
to S(*e the alpha [)arlicles but also lo 
count them. To do Ibis, the Sj)ijdhar 
iscope h;;d to be niodiiie<l only slightly 
because with I he .screen so clo.se lo I)k‘ 
jioint that .scu'ved as I lie sourccMil alpha 
particles, even (he most ininiite quanti¬ 
ties ol iMdium on the point |)roduc(‘d SehcMaaiic 

lar too many scintillalions. When Ihc Uookos’ 

distance between the source and the si»iiitliariscojje. 
screen is great and tlie lield of view 
limited the number of aljdia particles impinging on tbo 
screen becomes so small (one or two per .second) that each 
scintilJalioii may be counted. 

The spint.hari.scope has enabled us to regisler individ¬ 
ual alpha particles, making possihJi* a whole series of 
experiments that are amazing in conciqiiion and e\cej)|ioiiaJ 
ill the importance of their results. The.se experiments will 
be discussed shortly. Weshall now describe otlier iust rumeiits 
that enable us to count and see imlividual alpha particles. 



The IJeiger Couiiler 

The counting of alpha particles by Hashes of light, or 
scintillations, was very tedious and inaccurate. To count 
scintillations, one had to he in the dark for a long time 
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so that the oye (M)uld become acciLstomed to the feeble 
light. The tension required in counting quickly tires the 
eye aJid mistakes are soon made. Therelore, as in any sub¬ 
jective method, the result depends on the individuality of 
the observer. 

A more refined method was pro[)Osed by (leiger. The 
principle behind Geiger's melhod was the ability of alpha 
particles to ionize air strongly. 1'liis ionization may be 
detected if al])ha jiarlicles are made to pass through an 
electric field created by a condenser, in which case the 
ions forineil by the alpha particles will begin to move 
because of the electric field. Positive ions will move in 
one direction, towards the negatively charged plate of the 
condenser, and n(‘galiv(‘ ions in the opposite direction, 
towards the positive plal(\ Hiit the movement of charges 
is an (dectric currmit. d'lim-efore, an alpha particle, 
by ionizing the space inside a condenser (lo the plates 
of which a potential dilTenmce is applied), creates in the 
circuit of lliis condenser an electric currcMit.. However, 
the current is extraordinarily small. Although one alpha 
particle does produce a relatively larg(j number of ions 
(about 200,000 pairs) the charge ol one ion is minute (10“’® 
coulomb). It is easy to .see that the current jiroduced by one 
alpha particle will be ol the onler of 10“’^ampere and oven 
less. It is ('xtremely tlillicult, though possible, to measure 
such small currents, and at present th(n*e are ionizat ion cham¬ 
bers u.sed in conjunction with jiowerful amjilifiers that 
permit the ni(‘asurement of ionization produced by a single 
alpha particle. Hut at the beginning of this century electron¬ 
ic amplifying techniques were not kjiown and so it was 
impossible to measure directly the iojiization current creat¬ 
ed by a single alpha particle. 

Geiger was the one who .solved the problem of detectijig 
the ionization created by a single alpha particle. He suc¬ 
ceeded in amplilyijig the ionization current brought about 
by an alpha particle to sucli an extent that it could 
easily Ik* r(‘gister(*d. Geiger made use of the fact that 
charged part icles moving in an electric, field acquire energy. 
However, the movement, of charges takes place in a gas, 
and although its pressure is low, still the electrons mov¬ 
ing in the gas collide with gas molecules and transfer to 
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them a part of tlioir energy. Obviously, for an electron 
moving in an eleciric field to arciimnlalo a large energy, 
it is necessary tlial ejicoiinlers willi gas moleeuii's be as 
rare as possible. To ensure iJiis, we need lo reduce the pres¬ 
sure of tlie gas, that is, reduce* I tie number of molecules 
jji a given voluirn*. Jt is possible to sided a gas pressure 
that the energy acquired by an ion (on ils way to an 
electrode) between encounters is so large that the ion is 
able to ionize by its own kini'lic I'liergy tin* fdom which 
it next ejicouliters. 

In an ionization chamber of Ibis kind the jiroduction 
of even one ion pair will lead to the lormation of a large 
number of fresh ions, since each moving ion creates U])on 
collision with an atom or molecule a new ion pair. The 
ions jirodijced hy coHi.sion and accelerated hy the electric 
field collide in their liirii with tin? gas atoms and ionize 
them. As a resiill, the first eiicoiinter will iirodiici* four 
ions, the second eight, the I bird sixteen and so lorth. One 
thousand ions will have been forin(‘fl after the leiilh colli¬ 
sion of each inilial ion. W’iien the number of collisions is 
ill t he tens, the number of ions is so great lliat I lie current 
which they create is easily detected. 

Such an ionization chamher with an air jiressure of sev¬ 
eral tens of millimetres of mercury and a strong electric 
field was what (ieiger propo.sed to count the individ- 
ua 1 a 1 ph a pa rt i c I es. 

The chamher became known as a Goigi'r counter. 

Geiger's counter was simple in design. It consisted of 
a small cylinder (Fig. 4) 1 to 2 cm in tiiaimder ami 2 to 
3 cm. in height. Inside was a point insulated Irom the 
walls of the cylinder. A strong electric held w is produced 
near tlie point hy applying a potential difference ol 
several thousand volts between the point and the cylin¬ 
der. Alpha particles were injected into the cylinder through 
a window closed with a thin mica plate. Inside the 
cylinder, the gas was rarefied to pressures ol several tens 
of millimetres of inercury. Under such conditions, 
zation by collision jirociu'ds very inten.sively and the ioni¬ 
zation current rapidly reaches an apjireciahle magnitude. 
Hut this current doe.s'n’t la.st long. Due to a big resistance 
in the circuit (in Fig. 4 the resistance is indicated by the 
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number fi), which, given a large current, has a considerable 
voltage drop, the potential difference between the point 
and the body ot‘ the counter tails off to such an extent 
that the discharge in tlic couiiler cannot bo maijitained. 
The formation inside the counter of a largo volume charge 
helps to stop the discharge. 

Thus, an alpha particle entering the counter excites 
in the latter a sliorl-lived pulse of current. This pulse, 



4. Sclicniatic diagram of a (ieigor counter, 
j — body (il fouiiUT; L'— irjsiilator (ciKHiile or amber); metallic point; 
rf — jiiita WMidiiw; n — vacuum gaski't; tf --resislaucu at cuds i»l which voltage 
drop is measured when discharge occurs between and body; ijl — ballery 

producing potcnlial dirference iMrlweeii point and body of counter. 


however, is so great that it can easily lie delected. At pres¬ 
ent, it is amplilied hy an amplitying valve connected 
to the relay of a mechanical numerator that makes a count 
of each pulse of current produced in the counter, in other 
words, it counts each alpha particle that enters the count¬ 
er. The Geiger counter was subsequently improved on and 
made iit to count electrons and gamma rays. 

Muller suggested replacing the point by a metal wire 
cxteinling the length of the whole counter, thus making 
operation more stable. This type is known as the Geiger- 
Miiller counter. 
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The role of the Gciger-Muller counter in investigations 
oi atomic nuclei is extraordinarily great. It may bo com¬ 
pared with the role ol the analylical balance iji chemical 
analysis. 


Tlie Gloiid riianilMu* 

A still more remarkable tool was a chaml)er d(‘vise<l by 
C.T.U. Wilson in MM2. Like (hdgcM*, Wilson nst*d the prop¬ 
erty of alpha particles to ionize air or other gas through 
which they (the alpha ])articles) j)ass, but his approach 
was quite dilTereiit. 

Being ejigaged lor a long time in th(> study of condi¬ 
tions of condejisalion of vajionrs. hi* lonnd that water va¬ 
pour (and also all other vapours, for example, those of 
alcohol) readily condenses lorrning a clearly visible log 
if the air in which it is j)resent contains a large* number 
of dust particles. Of course, condimsalion of the va|)onrs 
takes place only wheji the reipii.sile ])hysical conditions are 
observed, that is when the va])ours are su[)ersatnrated. 
Supersaturation is achieved by cooling. If, lor e.\amt)le, 
the gas ijL a tube with a pislr)n is snddi*nly (*\panded, it will 
cool dm? to the sharp increase in volume, and if ))rior to 
expansion it contained a saturated va|)onr, then alter 
expansion it will become snpersalnraled, and a fog will 
begin to form. 

However, fog forjiialion will take place only if the air 
contains dust particles which, as Wilson pointed out, are 
the condejisation nuclei of the va|)onr. 

Later he noted that electric charges can also serve as 
centres of condi'iisation. If all dust f)articl(*s are carefully 
removed from the air, and if ions are produced, then con¬ 
densation will take place on the ions. Around each ion 
there will form a tiny droplet of liquiil.These well-known 
facts were the basis of his apparatus which enal)les one not 
only to count individual alpha particles, but also to see 
their paths. The principle behind his instrument is as fol¬ 
lows. 

If a beam of alpha particles is let into a chamber con¬ 
taining water vapour, the alpha particles will, in mov¬ 
ing through the vapour, produce ions. And the number of 
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ions, as we know, will be very great. On each centimetre 
of path alpha particles form several tens of thousands of 
ions. If now we suddenly increase the volume of air in the 
chamber, the air will cool and, as was pointed out above, 
the vapour will begin to coudcjisc. A tiny droplet will 
form on (*acli ioji, but since many ions are produced in the 
wake of an al|)ha particle these droplets will coalesce creat- 



Fig. 0. Diiigraiii of a Wilson iloiid cliaiiibor. 


ing a solid line iji the form of a streak, or, as it is com¬ 
monly called, a track of the alpha particle. 

In 1JI12 ^Vils()n built an iustnimeiit embodying this prin¬ 
ciple. Physicists call it a Wilson cloud chamber, or simply 
a cloud chamber. 

Fig. f) shows a diagram of such a chamber. It is a short 
metal tube A’, in which a piston Ji can move. This forms 
a hoMom to the chamber. The upper end of the tube is 
covered with a glass disc >1, Ihroiigli which condensation 
of vapour ijisidc the chamber JJ (which is filled with satu¬ 
rated water vapour or a mixture of the vapour of water and 
alcohol) is observed. If the air under the })islon is evacu¬ 
ated, the piston will fall, thus ijicreasiiig the volume of 
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llio chambor 7). 1 lie (listaiice wliicli tluj |)isli)ii can iall 
is rogulaUid and is lixod by special side pieces in the lube 
wlicre llio pisloji movers. Tube t' connects the space under 
the piston with a v(*ssol 0 in which a vaciium and high 
pressure is alternateJy created by pumps. Valv(> C sepa¬ 
rates the space Cm Iroin T. 

Before tJa^ work eyede begins a high pri‘ssure is creat¬ 
ed in vessel G. 'idle volume G is coimi^cted with 7’ making 
piston ]i rise to its upper position. I'hi'ii with the aid of 
valve C the space G is separated from space 7\ rarefying 
the air in vessel G. The valve C is then again opene<l mak¬ 
ing the jiressure under the pi.sloii iall suddenly; the pis¬ 
ton falls and comleiisatioji of va|)our begins in the volume 
of chamber D. An electric liehl, produci‘d by a storage 
battery /?, is created between tlie cover and the pistcui 
in order to remove extraneous ions, wliich uinler normal con¬ 
ditions are always found in the chamber in small quantities, 
and also the ions which remain in it after an observation, 
and which can hamper subsequent observation. At the in¬ 
stant of observation the field is thrown olT. In order t o 
observe belter the tracks that form in fh(' chamber, the 
upper j)art of piston B is covered with a layer of blackened 
gelatin. The wooden cylimlers IV’ are jilaced in the space 
under the piston to reduce the amount of air passing t hrough 
tube F] this makes for a more smlden falling of the 
piston. 

The cloud chamber underwent subsequent improvement, 
but its principal features Jiave been retained. The observa¬ 
tion of the tracks of alpha particles iji a cloud chamber 
creates an unforgettable impression. The alpha tracks rise 
up before the ey(\s as “living” things. 

Physicists very soon h^ariied to phofograiih these tracks, 
and such pictures began to serve as objc'ctive evidence giv¬ 
ing a vivid description of the behaviour of alpha yiarticles 
and recording all the vicissitudes of their movemejit. Such 
photographs arc shown in Figs, la, Ib and II (see .Appendix). 
On them we see tracks lelt in a cloml chamber by alpha 
and beta particles. Fig. II shows the tracks of numerous 
alpha particles emanating from a radioactive yinqiaration. 
All alpha particles have one and the same range in the gas 
of the cloud chamber. 
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The P]iotogrni)liir Hletliod of Registering 
Aljiha Partieles 

This method was ])roi)osed in 1910. In studying the pho¬ 
tographic effect of alj)ha particles it- was noted that each 
alpha panicle produce's a blackening (detected upoJ» de¬ 
velopment) of the grain of the liglil-sensitive layer through 
wdiich it lias passed. Idiis blackening of individual grains 
is easily seen under a microscope. 

If a weak radioadive preparation is brought into con¬ 
tact with a photographic plalii, the alpha particles emerging 
from it will impinge on IIk' plate causing I lie light-sensitive 
layer to blacken. Some of the alpha particles will shoot 
almost along the surface. In lh(?ir movement in the light- 
-sensitive layer, they will pass through numerous individual 
grains. Alter llie plate has been developed it will exhibit 
charly the tracks of these alpha jjarlicles. Fig. Ill in the 
Appendix sliows one of such microphotographs. The place 
wliere the radium-coated point was is clearly visible. Also 
nicely visible are the radial rays that correspoinl to the 
trajectories of alpha particles. 

For a long time, the |djolographicmethod was Jiot iji very 
much use in nuclear physics. Only n'cently, due iji part to 
the work of the Soviet scientists L. Mysovsky and especially 
A. Zhdanov, who developed special photographic plates 
with thick light-sensitive layers, has the photographic 
method begun to be used in mich^ar investigations. At present 
it is one of the basic methods of nuclear physics. 

The ])ath IraversiMl by a particle in the I'lnulsion of a 
photogra|)hic |)late is not long, roughly a thousand times 
shorter than that in air. Whereas the range of an alpha 
particle iji air is several cojilimetres, in the emulsion of 
a photographic plate it comes to several tens of microjis 
(1 micron ==. 10"^ cm.). For this reasoji, the tracks of par¬ 
ticles in an emulsion have to be viewed uinler a microscope. 

One ])lale can cojitain the tracks of many tejis anil hun¬ 
dreds of thousands of particles. Thus, ojie photograjdiio 
plate can laki) the place of a huge numbiu’ of cloud-chamber 
pictures. However, the merit of the photograj)hic method is 
not only that one jilate contains many tracks, though this is 
of great imj)ortancc in certain cases. The microphotographs 
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of tracks left by particles in the emulsion of a photographic 
plate enable us to obtain much data concerning the particle 
under investigation. Thus, in a Jiiimber ot cases, the entire 
track ot a particle may be observed in the emulsion, ami, 
as we know, the length of the track of a j)article determines 
its energy, llesides the total range, it is also possible to 
determine the ionizing capacity "of the particle. This is 
best done in special small-grained plates. From the number 
of blackened grains of tlu^ emulsion (counted on a detinite 
section of the? range) it is possibh? to establish the ioniz¬ 
ing pow(?r of the particle, a valui^ that characterizes Iho 
number of ion pairs j)rodiiced by the particle per unit length 
ot its path. Knowing this vaiiie, it is possible to deter¬ 
mine the velocity of tlie particle. As we shall sec^ fiirtlier on, 
the velocity of the particle and its range will give its mass 
too. 

Figs. IV to IX at the end of th(> l)ook show s(‘veral micro- 
photographs with tracks left in the emulsion of photographic 
plates by dilTerent particles. These photogra|)hs will be 
discussed at. length in a later section. 

To summarize, by 11)10-11)12 scientists had at tln^ir dis¬ 
posal a rather rich assortment of dilTiu’enl methods for 
studyijig radioactiv(‘ rays. And belore long the work of these 
scientists opejied up before us aji unusual |)anorama of the 
intra-atomic world. A little later on we shall fleal with this 
])icture in more detail, hut for tln^ |)r(^sent let us return to 
the problem we Jiavi? been discussing, that of the formation 
of helium from radium aJid radoji. 


The (-liarge of an Alplia I^irtlcle 

To determine the charge of an individual alpha particle 
one had to know how many alpha parlich?s shoot out from 
one gram of radium per second. By taking a definite quan¬ 
tity of radium immediately after it had been purified chemi¬ 
cally, and l)y measuring with a Geiger counter the number 
of alpha particles, Rutherford and Geiger counted the num- 
ber of alpha particles ejected in one second by one gram of 
radium. According to their measurements it came to 
3.7X10'® (thirty-seven thousand million!) alpha particles. 
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If we know how many alpha particles radium emits, it 
is possible to determine the charge of a singh^ particle. 
']'() do this, oiu^ has only to measure the total charge of all 
alpha particles emittetl by ouo gram of radium or any other 
definite quantity of it, and Ihen divide this charge by the 
already known number of alpha pari ides. 

Experimenls showed the charge? carried in one second by 
the alpha particles (‘mitte<J from one gram of radium to be 
33.2 absolute eleclrostatic units, lly dividing this number 
l)y 3.7x10'®, we lind that the charge of one alpha parliclc 
is equivalent to 1): :1()“'® ab.solute elecirostatic ujiit, which 
is twice the charge of a single electron. 

Rillherford’s hypolhosis received one more confirmatioji. 
It was Jound that aJi alpha particle carries a double elemen¬ 
tary charge. Later, a more precise value was obtained lor 
this charge. It came out O.oHxlO"'® absolute electro.static 
unil, which is vi‘ry close to tli(? double value ol the charge 
ot an electroji (4.78x ]0~*®x2~0.r)();\ 10“'®). 


The Decay Time of Radium and Uranium 

We liave thus far dilerniiiied the charge^ of a single alpha 
particle, hav(^ also measuri'd the niiinlier of alpha parti¬ 
cles emitted by one gram of radium in one second. This lat¬ 
ter fact ejiabl(?s us to draw a mimb(>r of new i n I extremely 
importaiiL conclusions. Rut fir.st let us take note of ojie re¬ 
markable fact. 

We have already point(Ml out that the activity of cer¬ 
tain radioactive substances, for example, radium emanation, 
attenuates rather quickly. One way of judging this loss of 
activity is by the reductioJi in the number of alpha particles 
emitted by radium emanation in unit time. 

The quite natural desire was to lind the quantitative 
law that expre.sses this loss of radioactivity. Variations 
in the number of alpha particles emitted by the emanation 
was a point of careful obseiwation. It appeared (Fig. (5) 
that the number of alpha particles emitted by a given quan¬ 
tity of emanation diminishes in time according to the fol¬ 
lowing relation: 

( 4 ) 



Here A\ signifies the number of alpha particles cmiilcl 
by emanation in unit time at the very hegilining of obseiva- 
tions, and N, the niimher of alpha partieles emitted in unit 
time at the expiration of / seconds; e is the base of natural 
logarithms, and ). a value that shows what jiortion of atoms 
decays in one second. 

The most remarkable thing was that in all cases when 
dealing with emanation, the coeflicient /. was one and the 
same: 10~®sec.“^ No matter whal the qua ly taken 



Fig. Hadioactivo decay curve (thcralio of Ibe quan- 
liLv of radioactive substance N and llie initial quantit}'^ 
of substance A'o ‘*^5 a function of time 1). 

was, big or small, i did not change. For this reason, it was 
agreed to call I the decay constant. 

What we find in the way of the variation of intensity of 
radiation as a function of time will appear especially re¬ 
markable when wo recall the properties ol an exponential 
^e^'^in equation (4)]. Equation (4) show.s that in 
one and the same period of time, the intensity diminishes 
the samenumherof t imes. No mat ter what quantity of radio¬ 
active sulistauce is taken, a definite part oi it equiv¬ 
alent to disintegrates in one and. the same time t. 

Whether we make our immsurements at the beginning of the 
decay (with a Ireshly prepared sample of the substance) or 
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after a certain [XM-iod of time, when a considerable part of 
the radioactive substance has already disintegrated, we 
shall find that the intensity of radiation in both cases will 
have changed the same number of times during equal pe¬ 
riods of time. 1'his means that as the radioactivity of the 
substance falls off the quantity of atoms decaying in unit 
time decreases, but the ])robability of decay remains con¬ 
stant. 

The less th(> quantity of substanco thci slower it disap¬ 
pears as a result of decay. Strictly speakijig, according 
to equation (4) decay ceases (that is, N becomes zero) only 
when t equals infinity. If such is the case, how can we then 
speak of I be “decay j)eriod” of uranium, radium and other 
radioactive substaJices? 

Let us agree to characterize the decay time of radioac¬ 
tive substances by the time during which one half of a given 
quantity of substance ({(‘ca^s. This period will always be 
the same irrespective of the quantity of substance, and, con¬ 
sequently, it is a very definite characteristic of the rate 
of radioactive xlecay. The Hme in u'hich one half of a radio- 
aciive siihs/ancc decays is called its '"hal/ life.'l 

To iind ). it is convcmiejit to reproduce the curve shown 
in Fig. f) in semilogarit hrnic coordinates, i. e., to plot on 

the ordinate jjot the ratio but the logarithm of this 

ratio, and I he time t on the abscisvsa, as before. 

Iji these coordinates, the decay curve, as may be seen 
from Fig. 7, is a straight line, the tangent of the angle 
of inclination a of which to the abscissa is what gives the 
valu(! /v. 

If we know the value of >,, then applying equation (4) 
it is very easy to tiJid the time T tluring which the intensity 
of radiatioji of any quantity of the given radioactive sub- 

TV 

stance is reduced two-fold. To do this, put N inequa¬ 
tion (4) and in place of / write T as the exponent. After 
cancelling we obtain 

Taking logs of both sides of this expression, we have 

T -l!!" 

^ i \ 
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From this rolaliori wo shall find for radium emanalioii 
(the X of which, as wc have already poinICMl out, is equal 
to 2.1 X 10“* sec.”') that 7' is 3.82 days. 

For all samples of radium eraaiialioii this value (just 
as the decay constant /., of course) proved to he onc^ and 
the same. Subsequent observations showed that Ibis law 
of decrease in radioactivity is ol)served imt only in tlio 
case of radium emanation; it is far more jucneral in cliar- 



Fig. 7. Iladioaclivc dcvay curve ia seiriilo^arillnaic 
coordinates. The tniifTent of nn^de o is equal to the 
decay coii.‘<laul. 


actor. All radioactive substances decay in accordance with 
the same law, but the values of the decay constant ). of dif¬ 
ferent radioactive substances differ. 

More, it was found that if the change in the number of 
particles emitted by a radioactive substance is expr(‘ssed 
by a more complex law than equation (4), then we were deal¬ 
ing with a mirtnre of different radioactive substances. Af¬ 
ter their separation, it was always found that in each of 
them individually the Jiumber of emitted particles varies 
exponentially (4) with lime. 

From the fact that there exists an attenuation of inten¬ 
sity of radioactive radiation and that the intensity varies 
according to the exponential law, it follows that; 
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1) the number of emitted alpha particles is proportion¬ 
al to the quantity ol the radioactive substance; 

2) a rediidion in the number of alpha particles is duo 
to a reduction in llie quantity of radioactive substance 
(a radioactive substance, emitting alpha particles, changes 
its properties and becoinos another substance); 

3) not all atoms of a radioactive substance emit alpha 
particles simullaneously. Only a part of the radioactive 
substance emits al|)ha particles (or other particles, com¬ 
prising radioactive rays) at a given lime. The greater the 
half-life, the smaller the quantity of substajice that de¬ 
cays, say, (luring ojjo second. 

Let ns Jiow determine the half-life of radium and uranium. 
According to measurements l)y Rutherford and (n^iger, one 
gram of radium emits in one second 3.7x 10'® aljdia particles, 
but in one gram of radium there are 2.7x10®' atoms. There¬ 
fore, the disintegration constajit of radium ij<a is: 


, 3.7x1(:P . ... 

—2. 7y lO-i.^ X 10 


sec.' 


and the half-life ol radium is: 

10'® SCI-. -==1,(500 years. 

'Mia 

Tims, the hall-rUe of radium is 1,600 years. Only in 
1,600 years will its radiafion inlensil v be reduced by one 
half. 

When these data wviv o])tained it became clear why it 
had seemed before that radioactive siil)slances emitted rays 
with cojislant intcMisity. Jii actuality, radium was found 
not to be eternal. It disappears by emitting radioactive 
rays and is transformed into helium and radon. 

The figures for uranium were still more startling. The 
quantity of alpha particles emitted by one gram of ura¬ 
nium was determined by the same melliotl as in the case of 
radium. It was found that ojie gram of urajiium emits in one 
secojid 1.25x10* alpha particles. If we rej)eat for uranium 
the calculation done for radium, we find Ihat 
i, =5x10-'^ 

—— 1 y+oX 10'^ sec.~'5.4y;JO'* vears, 

'u 
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where ).u denotes the ilecay constant of uranium and Tu 
its JiaU-lilo. U rani uni ilecays so slowly (one Jialf every 
four and a half tliousand million years) lhat it is not sur¬ 
prising that alter scicoitisls hNiriKMl ahinil. this phononi- 
enoii, they consiihu-inl the radioactivily of uranium to be 
eternal. Actually, however, the (fiiantity of uranium and 
radium diminishes all the timi^ (lu(? to <lecay, and there 
is an accompanying atUMiiiation of its radioactivity. 

'J'hc half-lif(? of radium is 1,000 years. If tlie sii|)i)ly of 
radium wen? not being repleijisiu‘d, then in 1(),()00 years 
tJiere woiiltl only be one-thousandth left, and in ^^2,000 
jH'ars, only one-miMioiil h of the original <|nanl ity. In sev¬ 
eral Jininlred thousand years th<‘n* woiildn'l. be a trace of 
radium lelt. 

Such would be the case, if there W(‘re no uranium in 
th(‘. eartli and if nraninin, in di‘cayiiig, did not refilenish 
the radium supjilies. It is lor this reason that, we find ra¬ 
dium only in comliination with uranium. And that is not 
all, there must exist a definile ratio i)etween the quantities 
of uranium and radium in tin* ore. Sujipose we took a piece 
of pure uraniuni, in which tlim*e was no radium to begin 
with. Radium would begin to appear in the jirocess of the 
decay of uranium. Its (|iiautity would increase as the ura¬ 
nium decayed if radium ilself did not, in its turn, de¬ 
cay. 

"J'he number of (h^caying atoms of radium depends on 
their number. As the quantity of railiiim increases, there 
will be an increase in the number of disinlegrating atoms. 
The decay of radium will diminish the accumulation of its 
atoms. The growth of the radium impurity will begin to slow 
down, and the more radium there is, the more its subsequent 
accumulation will bir ri^tarded. Ami, finally, I here will be 
so much accumulated radium in the uranium that the quan¬ 
tity of disintegrating atoms of radium will equal the num¬ 
ber of radium atoms proiluced by the uranium. 1'here w'ill 
set in a state of equilibrium, ami although uranium decay 
will continue, still iJie total quantity of radium will not 
increase, though new radium atoms will continue to be pro- 
diiceil because, as we have already pointed out, the number 
oi old atoms of radium decaying equals the number being 
produced. 



It is easy to fiml the ratio between the qiiaiility of radium 
and iiraniuni in the equilibrium stale. 

indeed, if the amount of uranium in llnM)re is Nd grams, 
then a total ol iii XA'y grams of radium sliould be formed 
in one second, where is the decay constant of uraniujii. 
On the other hand, if the ore contains grams of radium 
then the number of grains of radium that should disappear 
in ojie s(^cond is xA^j^.^. Here is the decay cojistant 
of radium. Holh ol lh(*se (|uanlities arcj equal when in a 
stale of radioactive equilibrium. Hence, 
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Thus, we come to I he conclusion that there must exist 
in the ore a definite and invariable ratio between the quan¬ 
tity of radium and uranium. This ratio should equal the 
ratio of Iheir half-lives, namely, every three tons of urani¬ 
um in aJJ ore (which has reached the stale of radioactive 
equilibriuju) should cojilain oJie gram of radiiun. This will 
be true, of course, if the uranium ore has existed long 
enough for I he equilibrium bctweiMi radium and uranium to 
set in. 

The d.'duction of the ratio10“’ arrived at on 

iVl: 

the ba>is of conclusions relating to the liletimes of ura¬ 
nium and radium was verified by experiment. An investi¬ 
gation was made of the chemical com|)osilion of a large 
number of uranium ores extracted at different points of the 
globe and it was found tliat, with very few exceptions, the 
percentage of radium contained iji the uranium was alw^ays 
the same—an average of one gram of radium per 3.2 tons 
of pure uranium. Agreement with the theoretical result 
(one gram of radium in three tons of uranium) was excellent. 

The slight discrepancy between these two figures is ap¬ 
parently the ri?sult of measurement errors. Therefore, we 
have every ground for drawing the conclusif)n that experi¬ 
ment has once agaiii confirmed the conclusions of the theory 
of radioactive decay. 
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Once More About the Eiier^i^y roiitaiiied in Atoms 
ot* Uadi am 

Wo have alroaHy pointod out that radium is coiislantly 
givijig II]) (‘iiorgy. Moasuromojils made by (lurio show that oiio 
gram ol radium liboral(^s 140 oalorios in ouo hour. But 
duriiiglhis Limoonly a very small part ol' it disintegrates 
(no more than oX lO"** gram). Tlujrelon^ when the whole 
gram ol radium decays there is released an enormous quan¬ 
tity ol en(‘rgy equivahuit to 280x10^ large calories. 

To show how big this ligure is, hd, us compare it with 
tht^ energy produced in ordinary chemical reactions. 

'riie most (‘iKMgelic reaction occurs in the combustion 
ol hydrogen. When one gram ol hytirogen burns (that is, when 
it unites wilh (‘ight grams ot oxygini) it releases 34 large 
caloric's, which is roughly 100,000 times Jess than that pro¬ 
duced by one gram ol radium. This comparison is sulficient 
to show how great is the (Miergy stored up in radium atoms. 
Further on we shall see that tlie sujiply of miergy in atomic 
nuch?i is considerably great(*r than the foregoing data sug¬ 
gests. 

Uadioaetive Series 

When certain radioactive substances disintegrate they 
give rise to new substances wdiicli also possess radioactive 
properticjs. Tims we know that iiraninm produces radium, and 
radium in turn produces radon (emanation) which is also 
radioactive. What are the decay })roducts of radon? Are 
they radioactive? Is radium obtained directly from uranium 
or is it a proiluct of many radioactive transformations? 

Scientists were Jialurally^ interested to know the full 
history of all radioactive transformations and the inter¬ 
relation of all substances thereby proiluced. The chain of 
related transformations proved to l)e a very long one and 
it was no easy task to gel to the entl. Many of the peculiar¬ 
ities of radioactive disintegration had to be invoked be¬ 
fore, finally, tlu'. whole picture appeared clear and the na¬ 
ture of all transformations xvas discovered and proved conclu¬ 
sively. 

Ill tliis work wide use was made of several fads: first, 
of the fact that the products of radioactive ilecay differ 
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choiTiically Ironi the paiviit .siibslan(t‘.s; socojitl, tJio lialf- 
Jilcj oi oacii nnlioacl ivc suli.sl.aiice is a co/islaiil vaJuo char- 
acicrislic ol I lie given siihslajice, ajiil third j llie energy 
of llie parlicles eiuillcMl in a dcray jnocess was Iomid lobe 
a value lliaL characlerized Ihe given disintegration. 

From thesi* pecii 1 iari I ies of radioael ive d isintegration 
scientists were able to establish a gcnietic relationsliip 
between all the decay products. Talven together, the decay 
jiroducts of a given element became known as a radioactive 
seril^s. For a long time, three such series wen? known: ura- 
nimn radiiim, thorium ainl actinium. Tables 1 to 111 cany 
lh(‘ scheim‘s of ninlnal t ranslorinat ions in these serii‘s. 
In recinit years, tin* exi.sttnice ot a lonrth serii‘s, that of 
ne|)Lunium, which will be given in (’.hapli'r XI, has been es¬ 
tablished. 

In the schemes of radioactive transformations in the 
series of uranium, tlnirinin and actinium, the symliol of each 
product produced in a translormatioii is enclosed in a circle 
which also contains two imjiortant numbers that characterize 
the transformed substance. Hie upjier numbm* is the mass 
number; it indicates Ihe mass ol tin* atom and represents 
the closest inl(‘ger to the value oi tin? atomic wx‘ight of the 
given substance, 'riie lower number is tin? atomic number 
(the number of tin? (?lenn‘ut in tlie periodic system, and the 
one that determines its chemical properties). The arrows 
lietween the parent sulistance and the «laughter substance in¬ 
dicates the direction of radioactive transformation. The 
Cireek letters a and placed above or at the side ot the ariwvs 
indicate: a —that alpha rays (Ihe nuclei of helium atoms) 
are emitteil in the transformation process, jJ—that beta 
rays (electrons) ar(? einittiM.1 in the process. 'Fhe numbers 
under the arrow" denote the half-life in seconds, minutes, 
hours, days and years. 

A consideration of the transformations given in the 
schemes of tin? uranium, thorium and actinium series reveals 
a number ol very remarkable consequences, the first of which 
becalm? knowm as the “displacement law.” The displacement 
law characterizes the change of chemical properties of the 
substance re.sultiiig from radioactive decay. Hy correlating 
the atomic numbers of the parent and ilaughter substances it 
is easy to see that in the ca.se of alpha decay, that is, de- 


oO 



cay With the emission of alplia rays, the atomic number 
ol Ujo sul>sLanc(‘ is nMluced by two uniLs. However, if we 
have beta Uansformalioii, that is, if iji the decay process 
electrons are (;miM(Mj, the atomic number of the daughter 
substance iiicreas(\s one unit. Thus, for exam|)le, radon 
arises througJi tin? emissioji of alpha ])articles from radium. 
The atomic number of radium is 88, that of radon 8().HaG 
is lormed from Halt ('Table 1) by the emission of beta par¬ 
ticles. 'The alomic number of JtaB is 82, that of HaC, 83, or 
one unit more. It is preci.seJy ibis change in the atomic num¬ 
ber, wITudi (Kjcurs \ii radioactive decay, that is the essence 
of the displacement Jaw discovered J>y Fajans and Soddy and 
staled as follows; v'hen. alpha raifs are eniitlvd during ike 
disinIcgration of a radinacAive iderncnt, the resiilling daugh¬ 
ter product trill b:* an elenivnt tvilh chemical properties 
and atomic nnmh. r in the Periodic Table tiro places to the 
left of (he parent\ irhen. the radioactive substance decays 
irith the ettiission. of btla rays {electrons), the daughter 
substance produced, trill chemically be an elemenA in the 
Periodic Table one place to the right of the parent. 

It is ohvions (hat I la? atomic weiglit of an element pro¬ 
duced by alplia disijilegralion will be four units loss than 
the original one. 'TJk' alomic weight of the element pro¬ 
duced i)y hela decay will Jie tlie same as in Uio case of the 
original element. 

The disf)laeeni(Mil law plays a very big role in substan¬ 
tial Lug th(» modern theory ol atomic Jiuclei. Further on w^c 
shall again return lo it. Now lot ns consider other coiisc- 
qiiences that follow from the eslahlished scheme of radioac¬ 
tive transformations in the uraaium, thorium and actinium 
series. 


Isotopes 

A consideration of the schemes of transformation of all 
he throe series reveals the existence of many difTercnt 
radioactive substances that are identical in their chemical 
properties. The identity of cliemical properties in oiir 
scheme is ex[)ress(Ml hy the fact that ail these substances 
have one and tin* same atomic number. Thus, for example, 
in our schemes six different substances: uranium X,, (GXj) 
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and ionium (lu), thorium (Th) aiui radiolhorium (RdTli), 
uranium Y (t-V) and radioartiniurn (HtlAr) liavo t ho atom¬ 
ic iiiimbtu' bO. 

liadioactivoJy spoaivijij^, all Ihoso suhslajicos exhibit 
radically dilToronl properties. UX, emits beta rays, ionium 
emits aljdia rays, radiotliorium and radioactijiium also emit 
alpha rays, but tlKur <Jecay periods dilTer. Ionium lias a 
haH'-lit'e ol‘ 8.H,()0() years; radiothorium tlecays by one half 
in i.9 years, and radioactiniuin in 18.9 days. YIk* mass 
ol‘ th(5 atoms of the radioactive subslaiicijs produced is 
also <liileri‘nt. The mass number ol* ionium is 2.‘10 atomic 
units, the mass number of tJY is 2.*V1, that ol' radiotliorium 
228, of thorium 222, of radioactinium 227, and of IJ\, 234 
atomic units. All these substances, as we sei^, ar(‘ dilTer- 
ent., despite the fact that their chemi(‘al properties are 
absolutely identical, 'this astounding identity of chemical 
properties in tlic case of utterly dilTerent atoms was first 
discovered as early as 100() in ioninin and thorium. Hy mix¬ 
ing homogeneous compounds of thorium and ionium, scien¬ 
tists found that they were unable in any way to separate them 
again. In all chemical transformations ionium and thorium 
behave in exactly the same way. 

I'hus, radioactive Iransfornialions show that at least 
aiiiong railioactive substances there exist ilifTerent sfiecies 
of th(J same chemical elements. These species ilifTer in their 
radioactive properties and therefore are distinguishable. 
An especially remarkable fact was I hat diflerent species 
of chemical elements have dilTerent atomic weights (the mass 
of the atoms measured in atomic units is numerically equal 
to the atomic weight). It may be recalled at this ])oint that 
precisely the atomic weight had been up till then consid¬ 
ered the basic prijiciple for systematizing the clumiical 
elements; it was immediately found that substances that 
differ sharply in atomic weight have identical chemical pro¬ 
perties. For example, UX, has an atomic weight of 234, while 
radioactinium has 227. But chemically they are absolutely 
the same. AjuI this is not the only case. Radium B(RaB) 
has an atomic weight of 21^1, while its chemical twin, 
thorium D(ThI)) has 208. VVe shall see later that it is not the 
atomic weight which determines the conduct of chemical 
elements. 
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To summarize, radioactive trausformatioiis show that 
there may he several difVereiit representative's ol the same 
chemical elemeiils, AmJ also that this apparently is a prop¬ 
erty not ojily ol radioactive substances but ol stable ele¬ 
ments as well. For ijistajic(‘» we lind Itadiiim ii as the end 
product ol the translorinations of the uranium series. Its 
atomic, weight is 20b. 'rhoriiim 1) is the end product of 
the thorium series with an atomic w(^ight of 208. And both 
thorium 1) and radium 0 are chemically identical with lead. 
For this reason, radium G is calUnl radium lead, and thori¬ 
um 1), thorium lead, 'rhus the stable element lead has sev¬ 
eral representatives too. Soddy, the first to detect species 
of chemical elements amoiig radioactive products, suggested 
the name isoloju' for these dilTerent n^presentatives of one 
and the sanu? chemical element. The name isotoj o (the Greek 
isos meaning equal and lopos meaning place) is used to desig¬ 
nate elemejils that have the same place iji the Periodic 
'lable. lsotop(*s are species ol one an<l the same elemejit that 
have dillerent atomic weights. This latter fact (difference in 
atomic weight) is stressed to distinguish it from the pos¬ 
sible cast? when different representatives of one and the same 
1‘lement that are radioaclively different still have the same 
atomic wt?ight. Such a case is lound among the products of 
radioactive transformations. Thus, uranium Z ajid uranium 
Xj, both of which come Irom uranium X, (see 'J'able 1) have 
the same atomic number (i. e., they are chemically identi¬ 
cal) and the same atomic weight, 234. Both are formed from 
uranium X,, by beta transformation. Despite the same atomic 
number ainl the same atomic woight, they differ in radioac¬ 
tive properties. UraniumZemits beta rays, i. e., electrons, 
and has a iialf-life of 0.7 hours. Uranium Xj also emits elec- 
trojis, but its half-life is only 1.14 minutes. Uranium 
decays 3o0 times faster than uranium Z. Both substances are 
thus different, though tlu'ir atomic numbers and atomic 
weights are the same. Such substances are called isomers. 
(To distingiiish I ho isomers of uranium X^ and uranium Z 
from the other radioactive substances, Iheir symbols in 
Table 1 are plac(?d in squares ijjsteatl of circles). Isomers are 
relatively rare, whereas isotopes are extremely prevalent. 
For example, in the uranium, thorium, and actinium series 
have lound six r(q)resentaLives of element 90, three of 


56 



elemoiil 91, seven of elemeiil 82, again seven of element 84, 
and four of element 8H. 

We shall see presently that the Jionradioactive chemical 
elements also have a goodly Jiiunber ol isotopes. 


Brief Siiiuiiisirv 

Let ns bring together what wes have discussed in this 
chapter. The displacement law, which lijially e.slal)lished 
the chain of connected transrorinalions ol radioaclive ele¬ 
ments, was staled in 1918, that is, Jiearly twenty years 
after the discovery of radioactivily. The once jriysl(*rious 
jdienomenon had lost its veil ol‘ niyslerv. Miicli was still 
obscure but the essence of the plienoJin non r)l jadioacl ivity 
was already understood. Radioactive rays point to tin? Irans- 
formatioj] of oik' sort of atoms inlo those of another sort. 
Radioacl ive rays are a signal of t he translormalion of chemi¬ 
cal elements. It does not lake place lliroiighont I he entire sub¬ 
stance at once. OJily indivi<liial atoms undergo Ibis change 
at a given instant. The other atoms disinl(»grate later. 

The probability of disintegration is a constant. In 
some sul)stances it is small: they decay slowdy (uranium, 
thorium). Thousands of millions of years pass Ixdore they 
decay by one half. This process is fast in otlun* radioac¬ 
tive substances. The probability of decay of the atoms of 
such substances is great. Some of them (Thcy for example) 
have half-lives of millionths of a second. 

Radioactive Iransformaiioiis are of tw-o types. In one, 
electrons are emitted, and in the other, aIpJia particles. 
It has been proved that alpha particles arc doubly ionized 
atoms of ludiiim. The identity of alpha ])arlicles and helium 
atoms has been confirmed both by mc'asiiring the relation 
ejrn (charge to mass) and l)y direct observation of llu‘ s]>ec- 
Irum of a gas formed of alpha fuirticles that ])enetrale an 
evacuated tube. The nature of the translormalion has in 
certain cases been cbecked by a number of control experi¬ 
ments. The transformation of radium into radon was the 
subject of espociallycarefulstudy.lt was provcxl by weigh¬ 
ing that the sum of the masses of an alpha particle and an 
atom of radon is equal to the mass of an atom of radium. 
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A number of iiisenions ami rernu'fl melliods of ol>servin^? 
and coanling individunl alpha panhdes were 

dowlopcd dtiring iho study o! radioactivity. These methods 
made it possible lo count I ho charges of individual parti¬ 
cles ami to draw a number of very important conclusions, 
sowe of wliicli will l>e (iisciisseil in the followiji^^ chapters. 

The discovery of radioactivity, the complex structure 
of atoms and th(^ transformation of (dements was of jrreat 
significance in the struggle of the materialistic world out¬ 
look wilh idealism. The fall of the metajdiysical views of 
the irrimutability and indivisibility of atoms that followed 
the discovery of radioactivity, and the creation of new 
conceptiojis about the nature of electrojis and atoms that 
reflect more fully the ))rop(5rties of these? j)articies were 
utili/A'd by reactionary ])hilosophers to reinstate the ideal¬ 
istic vi(‘wp()int. They contended that the pro(?ess of our 
c(.)gniti()n was subjective in cliaraclcn*. V. 1. Lenin was the 
one who dealt a devastating blow at llujse attempts to use 
the lal(\st achi(!vem(Mits of physics against materialism. 
Ills remarkabh; book Malerialism and E/npirio-Criiicism 
appeared in IbOfI, during the ])eriod of rampant reaction in 
Russia. In this book, Lenin tore to sIitcmIs the web of mys¬ 
ticism, idealism and emjiirio-criticism and in its place ])ut 
the theory of knowledge of dial(?ctical materiali.sm. He showed 
that “the late.st discoveries of natural .scienc,eradium, 
electrons, the tran.sformation of elements-- have remark¬ 
ably confirmed Marx’s dialectical materialism...”* because, 
as Leniji wrote, “the destrnctibility of the alom, its ine.v- 
haustibility, the mutability of all forms of matter and of 
its motioji, ImX'C always been the stronghold of dialectical 
mat(>rialism.”** 

The further development of our kjiowledge of atomic nu¬ 
clei whicli will he de.scribed in the chaj)t(?rs that follow is 
the most vivid illustration of Lenin’s profound reasoning 
when he .said that “the electron is as inexhaustible as the 
atom, nature is ijifinite, but it infinitely c.r/.s7.s*...”*** 


* I. l.ciiiii, SrJrrird Wurfcs, Vnl. T, IVirt 1, Moscow 1952, 
p. 77. 

V. 1. lAMiiti, Mfiterialism n/id L'injnrio-Crilicism, Moscow 1952, 

p. 271. 

*** V. 1. t-ciiin, ibid., p. 291. 




and confirms the principle oV dialectical materialism 
conccriiiug tho niuliibilily of nil forms of mnilor and its 
niotion. 

The hypothesis of rndionciivc decay disproved the car- 
Jior (‘stabJished view ol' the immiitabiJity of tho atom. TJio 
cxisleiicc of a large number of radioactive isotopes threw 
doubt upon the assuraplion that tlie periodicity in the chemi¬ 
cal properties of elements is determined by t-lie atomic 
weights. All this played a big role in the development of 
science concerned with the propijrties of atoms. Hut of still 
greater signilicanc(‘wi‘re the phenomena and investigations 
to be discussed in the next ciiapter. 



Chapter II 

THE NIIGLEAU MODEL OF THE ATOM 


In this cliaplor we describe the work Ihat established 
witli liiialil.y the existence in atoms ol* so-called nuclei, 
to a description of the properties of which this whole book 
is devoted. 


Scattering of Alpha Particles 

The beginning was an insignificant, at first sight, event. 
Iliitherford noticed that the track on a photographic plate 
ol a b(‘am of alpha particles that has passed through a nar¬ 
row slit is one thing when there is air between the slit and 
the plate and quile another when there is no air. It was 
touiid I hat if the air is pumped out of the vessel in which 
the sourre ol alpha particles, Ihe slit and the photographic 
plate are, the track lelt by the alpha rays on the plate gives 
a correct picture of the slit with sharp edges. If this same 
experiment is conducted in normal conditions wdth air in 
the vessel at normal pressure, the result w^ill be different. 
The track of the al[)ha particles on the plate bears but a 
slight resemblance to the form of the slit through which 
the particles passed: it is much wider and the edges are 
smeared. 

It was not a difficult task to find the cause of such behav¬ 
iour on the part of the beam. If the air has been removed 
from the apparatus, the alpha particles shoot between the 
slit and the plate without encountering any air molecules. 
They do not suffer collisions and, therefore, do not change 
the din^ction of their motion, and so the track on the pho¬ 
tographic plate is clear-cut and gives a correct picture of 
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Iho slit. The situation is quite different when there is air 
bi'Lween the slit and the photographic plate. The alpha 
j)ai*ti(*les thoM cncouliter air riiolecul(‘S on thcnr way from 
the slit to the plate, and their original direclion changes. 
The nature of the coHisioii (head-on or oblique) and the 
mimber of such collisions for different alpha particles slight¬ 
ly differ: souk^ aljiha particles are deflected at a greater 
angle, others at a smaller ajigle. This results in a kind of 
.scattering of the original beam. This very jiatural expla- 
jiatioM was at once proposed by Rutherford, and the yihe- 
nomenon it.self received the name of “scattering’’ of alpha 
particles. 

Tlie Experiments of (Jeigor ami Marsden 

The phenomenon of alpha-particle scattering was dis¬ 
covered iJi IffOff. In later years, many workers studied it. 
It is easy to see I he reason for this interest. If t he scat¬ 
tering of al[)ha particles is a result of their collision with 
air molecules, then a stutly of such scattering is a study of 
the interaction of alpha particles and matter. It might bo 
hoped that this study would supplement the scanty knowl- 
(Mlge theji available concerning the projierties of radio¬ 
active rays. 

Numerous investigations in this direction were carried 
out by (leiger and Marsdeii. I'hey studied the scattering of 
alpha particles on air molecules and they pas.sed alpha rays 
through thin sheets of different metals and other sub¬ 
stances. They replaced the pliotograijJiic plate with a more 
.sensitive indicator, a llnore.scciit screen, on which they 
could observe the scintillations of individual alpha par¬ 
ticles. 

Using this far more sensitive methoil of observing alpha 
particles, they noticed that whereas the preponderant part 
of the alpha particles cluuige their direction of motion but 
slightly, some particles change it very sharply. .And what 
is more, it was found that certain alpha particles change 
their direction of motion 90°, so that they were observable 
only if the fluorescent screen was put on the side. In one 
of the experiments the screen was put in such a way that 
the alpha particles could impinge on it only if after an on- 
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coiiiitor tlioy began lo move backwarrls, i. c., in a direction 
opposite lo that ])i*ior to the encounter, (^arelnl observa¬ 
tion revealed scintillations in this case also, though the 
jiuinlxT was very sinall. 

When studying the scattering of alpha particles at 
angles greater than 1)0° it was ioiiiid that the relative num¬ 
ber of alpha jiarticles scattered at such big angles ililT(jrs 
with the substance. Thus thin metal foils with a large atom¬ 
ic weight scatter alpiia particles at angles that exceed 
00° in greater quantities tlian foils of the same Ihickness 
hilt made of metals wilh a .small atomic w(dght. An ijicrease 
in tht‘ thickness of the plate brijigs about an increase in 
the jjuuiber of aljdia particles scatlered at big angles. 


The Slailc Model of iln^ Atom 

Let us think for a moment about t.lu> results of the exper- 
imenls on particle scattering. It will be recalled that alplia 
particles shoot out wilh a tremendous speed, expressible 
in tens of thousainls of kilometres ])er second. In order lo 
change the direction of motion of the j)article even the 
tiniest bit in the .small time interval during which it is suf¬ 
ficiently clo.se lo an aloni of matter, a huge acceleration 
must be imparted lo il. And lo throw an alpha particle 
back requires truly lierculean force. Where does this force 
come from? 

We already know that an aljdia particle carries an (dec- 
trie charge and that an electric field produces a delinito 
ellect on it. The question arises, do atoms possess electric 
fields of .strength .sufficient to do this? 

At that time physicists adhered to the nuchjar structure 
hypothesis of J. J. Thomson, according to wliich all atoms 
consisted of electric charges. Idle negative charges are 
electrons that (in this model) float, so to speak, in matter 
which fills the entire v(jlume of the atom and is charged 
positively. The electrons swimming in this medium can 
produce o.sci 11aLions, in which ca.so the atom slioiild emit 
electromagnetic waves, that is, radiate light. 

According to Thom.son the atoms themselv(\s are in the 
shape of balls. I’he total cliarge of each atom is zero. This 
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moans llial iho (|nanlil.y of posilivoly charged maUor is 
siicli Ihal. ils charge is coinplolely compcmsalod ior by lire 
cliargo ol llu? ohrIrons. 

'J'Jiomson’s rnodid ol' the alom explained certain facts 
that were known at I hat time. .AjuI what is more, one of 
its basic principl(‘s was confirimMl diriM'tly by experiment. 
It was (established that inelals on being heated give off 
electrons. The pr(*sence of Ircee ehn-trons was also observed 
in discharges in gases. Both these facts show that ehM!trons 
are really ])resent in atoms. Else, where could they have 
come from in the for(‘going experirnenls? 

1'he number of electrons in an atom may decrease or, in 
(’ertain cas(‘s, on tin* contrary, increase dejrending upon 
the action from oijlsi«le. This explaijied the origin of posi¬ 
tive and lu'gative ions. 

Howev(*r, (>ven the very (vvisl(‘nce of radioactivity is hard 
to irconcih^ with this atom mod(d. We kjiow that alfrha 
part icle's are a const it u(‘nt of radioactive ra<liation. Now 
where do these conc(*nt ral(Ml posit i v(‘ charges come from, since 
according to Thomson the positive? charge is sort ol smeared 
over the whole atom. 

Experiments on the scattering of al])ha particles made 
still more? appare?nl. the deiicience's of Idiomsoirs model. 
Tlmy show^ed lhat it w as ne'cessary to allow- for the existence 
inside I he atom of concentrated jiositive charges, lorae'xord- 
iiig to (loiiloinh’s law an electric lorce acting on a ediarge 
is proporlional to the magnitinle of Die charge and inverse¬ 
ly f)ro])()rtioiial to the sejuare of the dislajico between the 
charges. In order to obtain, using the (^lonlomb law, a force 
sufficient to throw alpha particles backwards, one must 
assume tliat the aljdia j)arlicle at)f)roaches the charge acting 
on it to within a elistanc.e of the ()r(ie?r of Such mmst 

1)0 the coiiceiilration of charge to deflect an alpha particle 
at a big anglel But an electron cannot be such a concentrated 
charge. The mass of an electron is small iji comparison with 
the mass of aji alpha particle, which is some seven thousand 
limes heavier than an eh'ctron. With such a ratio of w'eights, 
the collisioJi of an alpha parlicie with an ele?(’lron would 
resemble lhat of a fast moving antomohile (weighing about 
a ton) with a small si one o or G cm. in diameter lying on 
the road. A collisioji of tliis type could of course send the 
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slorio flying quito a dislaiif.o, but I bo nul oinobilo would 
praclicalJy iiol cliango ils diioctioii. Il is clear that colli¬ 
sions ol alf»l:a parhcles aJid eloclrons, il' Ihoy do take place, 
Cf niiot (ause the alpha particles to be deflected at big 
angles. Such encounters might be used to explain only slight 
deviations o\ the particles. Ainl since alpha particles are 
deflected (though very rarely) at big angles, there must bo 
present wdthin 1 lu^ atom positive electric charges coiiceii- 
trated within a volume of diameter not more than 10“*® cm. 
In this volume there must at lh(‘ same lime be conceidrated 
a considerable jjarl- ol the mars el Ihe atom. It is only in 
such conditions lhat an alpha particle, ijileracting (collid- 
ing) with a charge associated with a mass that (?xc(*eds 
considerably tin? mass ol the alpha particle, can change 
sharply Die direction of its motion and nu-oil. A collision 
in this case is like a rubber ball hilling a heavy stone — 
the ball rebounds backwards with ease. 

From this simpler reasoning there flow conse(]U(nices ol 
exceptional imjiortaiice. Obviously, the mass ol the atom 
is not sprea<l over its entire volume, but is conccnitrated, 
together with the charge, in a very small space. Since to 
electrons we attrilnili^ a negative charge, which clearly can¬ 
not be used to explain th(' scattering ol alpha partich>s, 
it was natural to consider the region in which the mass of 
the atom is concinitrated as having a positive charge-. 


The Nuclear Model of the Atom 

The foregoing considerations are but a slight modifica¬ 
tion ol those ol Rutheitord that served as a basis lor his 
unclear model ol the atom. According to Jiutherlord, the 
atom consists ol a nucleus that concentrates nearly the 
wliolc mass ol the atom and its entire positive charge. 
Around the nucleus move individual electrons, the nuirilK^r 
of which makes the total charge of the atom zero. The space 
occupied by the nucleus is extremely small when compared 
with that of the atom us a whole. 

When an alpha particle pa.sses close to one of the elec¬ 
trons in Die atom, a strong interaction occurs between the 
alpha particle and the electron. In this case, one may 



speak of the collision of an alpha particle and an electron. 
I’lie alpha partich^. may transler to the tdectron an energy 
big (Miough to IvJiock the electron out of the atom com¬ 
pletely. Tin; result of such a collision is two charges: one, the 
positively charged residue of the atom minus one electron 
(a positive ion) and an electron, which in the air usually 
gets attached to a neutral atom, makijig the latter a nega¬ 
tive ion. Thus, the collision of alpha particles and elec¬ 
trons results in ionization of molecules and atoms, liecall 
now that the powin* to ionize gases was one of the lirst prop¬ 
erties of radioactive rays to lie discovered. 

When an alpha jiarticle passes in the immediate vicini¬ 
ty of a nucleus,its direction of motion chang(‘S jierceptibly. 
This we call the scattering of alpha [larticles. 

(finite Jiaturally, this new model ol the atom excited 
t remendous interest among physicists, for it was not so long 
before that some workers had b(,‘gun to doubt the very exist¬ 
ence of atoms as something real, and now details of their 
structure wen^ already being discussed. Rutherford’s hypoth¬ 
esis had to he verilicnl, iic^w lacts had to be found to coji- 
lirm it. And many promijient scientists set about this 
verification and began to study the new atomic model. 

The lirst thing was to check this new idea quantitatively. 
Rutherloial himself laid the groundwork liy analyzing 
malhemalically the scattering of alpha particles. 

Now to recall t he problem: an alpha particle in colliding 
with a nuchms chang(*s the direction of its motion. How 
much will this change be after one encounter with a nucleus? 

Fig. 8 shows diagraminatically tin? path of an alpha par¬ 
ticle. On onconntering a nucleus it changed its direction 
by ail angle Q. Obviously the angle of deflection of the 
alpha particle will he the greater, the stronger the interac¬ 
tion with the nucleus, that is, the closer it comes to the 
nucleus. Some particles will pass close to the nucleus, oth¬ 
ers at a greater distance. For this reason, al])ha particles 
moving in a given direction are deflected diflerently afi.er 
traversing a certain thickness of matter. Therefore, the proli- 
lom should be to calculate the number of particles (result¬ 
ing from all kinds of collision) scattering at small angles 
and the number scattering at largo angles. And Rutherford 
made the calculations. lie computed the part of a uniform 
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beam oi' alpha parlirl(\s Mial scaltored at an angle ^ in 
passing Uirough a layer ol mailer wlios(^ iJiit kness wc sliall 
designate by .v. It should of course be ch'ar from the outset 
that the scattering result A\'ill depend not only on the thick¬ 
ness of the layer, but also on its dcoisify, since th(> denser 
it- is the more atoms th(‘re will he and the greater the prob¬ 
ability of an alpha particle colliding with a nucleus. It 
is therefore obvious tliat the probability of alpha-particle 
scattering <le[»eiuls both on the tfiickness of n and on the 
number of atoms //prc'seiit in a unit volume of the substance. 



Further, to calculate the angh^ of deilectioJi 11 it was 
necessary to know Iht^ forces acting betwecm thi^ alpha 
particle and the nucleus. 'J'hese wen* believed to b(i the 
forces of electrical repulsioji which obey (hmlomb’s law; 
they sliould conse(|ui‘nt ly vary iiiv(U*sely with th(^ square 
of the distance b(*tweeii the particle and the nuchuis and 
should also be jiroporlioiial to the charge of the nucleus and 
the charge of the alpha particle. The charge of the alpha 
part icle was already known, being, as the reailer may recall, 
equal to two ehmieiitary ujiits. And the charge of the 
nucleus? In Rutherford’s original theory nothing could be 
said on this .score, and in his calculations he simply desig¬ 
nated the valuer of this charge as Z. 

From these calculations Ruth(.'rford obtained the follow¬ 
ing equatioji: 


1 ^ 

X« X.vf ^'5 ]' . 

“ \mu^ J siir 


(r») 


* In this flic luiniber (if particlL*.s sratlcTcd through the 

angle tl is rcliiled to a unit of .solid angle. 
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Here, N (Jenotes the number of alpha particles (of the total 
number N ) .scaltered in traversing a thickness ol matter s 
at an angle t>. The otlnu’ literal symbols are: /?, the number 
of atoms per unit volume of scattering medium (it char¬ 
acterizes the density of the scattering substance); Z, the 
charge of the iujcleus expressed in elementary units (an 
elementary unit of cJiargo is taken as tin* charge of an elec¬ 
tron and is denoted bye); u is the speed of the alpha particle 
and m its mass. 

It was this equation, which became to be known as the 
Hutherford equation, that had to l»e verified. It contains 
a number of values tJiat had already l)e(ui determined ear¬ 
lier, for example, c, the charge of an elect ron, ///, the mass 
of aJi alpha particle, ii, its speed, //., the number of atoms 
per unit volume of scattering substance. Hut equation (5) 
contains a value which had never before been determined — 
the charge of the nucleus Z. 

If we were convijiced of the correctness of equation (5), 
theJi by measuring the number of alpha particles scattered 
at an angle h and knowing the number of incident alpha 
particles, we could calculate from this equation the value 
of Z. But one had to be sure of the correctness of this 
e(|uation. IJow was it to be checked? 

i\ote that in this equation the nuinb(T of alpha particles 
scatt(.‘rcd at various angles is inversely proi)ortional to 

■j) * 

the fourth power of the sine of angle - (0 is the scatter¬ 
ing angle). ()l)viously, it is necessary to measure the number 
of alpha particles scattered at various angles and to see 
whether this number varies in inverse proportion to the 

fourth power of sijijj^ .If it is found that N varies as -—^ 

then there is a grain of truth in Butherford's equation. 

Geiger and Marsden, who ha<l already made a study of 
the scattering of alpha particles, sot about studying the 
number of alpha particles scattered at different angles.The 
instrument used in these researches was constructed as fol¬ 
lows (Fig. 9). A source of alpha particles lS\ a metal foil F 
that scatters alpha particles, and a microscope M used to 
observe individual sciutillations on a screen E were all put 
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inside a llvick-walled cylinder. The source S was screened 
on all sides by a thick layer of load at ono point of which 
a Jiarruw slit was cut. 1'Jiroii^h this slit was passed an al¬ 
most parallel beam of alpha particles which th(‘ii loll on a 
scalti'i'in^ toil F. 

The boily of the instniinent was moiuiled on a thick disc 
7/ (‘qiiijipiMl with a slo[)per Q tlia* enabled the whole in- 

t^lruuKuil to turn oji the base 
7’ even when the air had 
been pumped out. The 
source iV and the scatlerer 7^’ 
were connected with the 
fixed base of the instru- 
inent, and the microscope M 
and the screen F with the 
bi)dy //. When the whole 
h'jdy was moved, the po¬ 
sition of the screen also 
chan|j:e<l. lly obs(u*viMg the 
scintillations and counting 
their number lor diflereiit 
positions of the screen and 
microscopes, it was possible 
to fleterrnine the number 
of alpha particle's scat¬ 
tered at various angles xf. 

InvestigatioJis cojidiictcd with this apparatus fully con¬ 
firmed Rutherford's equation. The number of scinlilla- 
tioiis grew in proportion to the thickness of the scatlerer, 
and as the angle ft increased it decreased iji proportion 

to -jp which was in complete agreement w^ilh equa¬ 
tion (5). 

Confirmation of the correctness of this equation signi¬ 
fied acceptance ol the nuclear model of the atom. “Atomic 
nucleus” was from this time on an accepted term. 

Having proven the Rutherford equation to be correct, 
one? might then use it to determine Z, the charge of atomic 
nuclei. Z was measured for several different metals. The 
charge of the nucleus of an atom of platinum came out to 



Fiff, 9. A ri(‘i^H*r-Mavsdcii ;q)|)ara- 
lus dfsii*:n(‘d lo verify Uie depeii- 
dciMX* of (lie mini her’ of scatfered 
alpha particles oii (he scattering 
aiij»lo. 
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77 elementary units, that of an atom of silver to 46, and 
the cliarge ol Mk; nucleus of an atom of copper was 29. 
Since the accuracy of I he ineasurenieiils reached 1-2 per 
cejit, tlje (u*rur in delenninijig the charges of nuclei could 
not have exceeded one 


Tln^ Relation Between the IMaee of an Element in 

]!lendele}'ev''s reriodie System aind tJie ('liarge of Its 

N Helens 

A determination of the size of the charge of the nucleus 
of copper, silver and platijiurn, which was carried out on 
the basis of an analysis of the scallerijig of alpha ])articles, 
enabled a coneJusioJi of the utmost in»portance to be drawn. 
To get a real understanding of Uie essence of this matlcr, 
let us examine the Mendeleyev Table of Elements (sec 
Appendix). 

Arrange all the chemical elements in tJie order given 
in this lable and number them in succession. The number 
r(»ceived by each (‘leimrit is called its niomic nuwbir. The 
alornic number is the muiiher ot the ])lace a given element 
occupies in Mie Periodic Table. Thus, lor example, hydro¬ 
gen occupying the fir.st place has an atomic number of one. 
The atomic number of helium is two because it occupies the 
second place iii the table. Lithium has an atomic number 
of three (its place, is tbini in the table), bevy Ilium 4, etc. 
Jji this table, copjier has place number tweiity-nijie, making 
its atomic number also 29. But the cliargo of the nucleus 
of a copper atom (which charge, as we have already shown, 
was determined from observations of the scattering of alpha 
particles), also proved to be 29 elementary units. And so 
it turns out that the magnitude of the luiclear charge of an 
atom of copper coincides with the atomic number of copper. 

A similar ratio was also found for silver and platinum. 
Silver has an atomic iiiimber of 47, whereas the charge of 
the atomic nucleus of silver, computed from the results 
of the scattering of alpha particles, proved to be 46 elemen¬ 
tary units, or in other words it coincided with the value of 
the atomic number of silver within the limits of the accu¬ 
racy of measurement. The atomic number of plaliuuin is 78, 
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while the size ol' iho miclenr cliarge of one of its atoms 
measured from al|)ha-j)aniclo scattering iji ])latimim came 
out 77ii::1. 

Till* coincidence of I he atomic numbers of copjier, silver 
and platinum wilh llie size of their nuch‘ar charges could 
not he fortuilous, and for this reason Van den Brook, who 
was I he first to correlate the results of the measurement of 
atomic nuclear charges with I lie position of the elements 
in the Periodic Table, suggested that the magniliide of the 
charge of the atomic nucleus of each chemical element {meas-- 
ured In elemenlani units of charge) is equal to the atomic 
numb r, that is, tin* ordinal number which this element has 
in till* Periodic 'I'able. 

This conclusion made it possible at last to viiiderstand 
the true nature of the regularity discovered by Mendeleyev. 
It was now clear what underlay Mendeleyev’s Table, in 
what way the atoms of dilTerent chemical elemejils differ, 
and what determines their chemical individuality. 

An atom in the normal stale, as we know, is electrically 
neutral. Therefore, if the nuclear charge of I he atom is Z 
units, there should be Z electrons in the atom. All atoms 
are structurally alike. 'J'he atom of any chemical element 
consists of a nucleus and electrons. Atoms differ only in 
the size of the nuedear charge and, related thereto, the 
number of extra-nuclear electrons. Thus, for example, the 
charge of the hydrogen nucleus is unity, and the hydrogen 
atom has only one electron. Slructurally speaking, this is 
the sira|)lest elenient. Now it is clear why hydrogen stands 
first in the Periodic Table. 

A helium atom has two electrons because the charge of 
the nucleus is two units. Let it lie noted at this point that 
an alpha particle is a doubly ionized atom of heliurn. There¬ 
fore, the alpha particle is simply the nucl(*us of an atom of 
helium. Its charge is, as it should be, eijual to two elemen¬ 
tary units. 

An atom of the heaviest natural element, uranium, which 
occupies ])lace number ninety-two in the periodic table con¬ 
sists of 92 electrons and a nucleus with a charge of 92 ele¬ 
mentary units. 

Now we possess a clear-cut criterion for arranging the 
chemical elements in order. 1’he confusion which oblaiiied 
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boforo when attempts wore nia(Jc lo arrange lli(» elements 
strictly in accor«l with tin? order ol increasing atomic weights 
(lor exampl(‘, io<line-t(dIuriiim, nickel-cobalt, and potas¬ 
sium-argon) is(*asily eliminalefl. Iodine hasaii atomic weight 
less than tellMriiim, wht?r(‘as in tiu* table its plact*. is alter 
ttdlnrium; potassium is lighter than argon, but in t he Period¬ 
ic Tal)l(‘ its ptace is tarlher away; nickid has a snialhn* atomic 
weight than cobalt, but in the table it is Ibllowed by cobalt. 
Iodine should have a placid lot lowing tellnriuin since the 
nuclear charge ol' iodine* is exactly out! unit greater than 
Ihe nuch'ar charge ol' lellurinrn. In exactly the same way, 
the nuclear charge ot potassium and jiickel atoms is great¬ 
er, res|)ect i vely, than that ol argon and cobalt , 'riie I’act 
that .Mendi‘leyev arranged the (*lem(‘nls in his table cor¬ 
rectly long belOre th(^ discovt^ry ot the siriic.ture ol' the atom 
was a truly brilliant prevision. 

Soon absolutely reliable* evid(*nce was round for the 
correctness of this hypollK^sis. 

Kecall the law of radioactive <lis|>lacement. According 
to this law, a substance form(‘<l by alpha-radioactive* decay 
is situateil in the Periodic 'I'ablc Iwo squares to the lelt 
of the par(*nt substance!, while a substance resulting from 
l)eta-radioact i ve*. d(‘cay is located one square In the right 
of till! pari*ut subslanci*. And this is (‘xactly the way it 
should be on the above hypothesis: if two jiositive charges 
arc removed from the nucleus, its atomic number becomes 
le.ss by two units; I here! ore, we obtain a substance whose 
ch(!mical properties an* giv(*n by an element two squares 
before thi! init ial one in the Periodic Table. On the co?itrary, 
if we remove one negative charge (a beta particle) from the 
micleiis, its positive charge will increa.se one unit, and this 
will result, in the eleim'nt moving to the right one .square, 
that is, an increase in the atomic number. What a remarkable 
and simple explanation of the complex relations ol radio¬ 
active decay! 

Let us turn our attent ion lo one more aspect ol the |)rol)- 
lem. The positive charge exists only in the nucleus, and it 
is quite natural, therelore, that the alpha particle pro¬ 
duced in the ])rocess of radioactive decay shoots out of 
the atomic nucleus. Put the number of electrons in the atom 
is large, and just equal to tlie number of elementary units 
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in Iho cli.argo of llic micloiis. Ifowevor, a roinoval of tlicso 
eUM lrons wliicli swarm about tho iiuc Umis aiul for this rea¬ 
son are call(Ml extra-nuclear elect rons, does iji no way create 
an atomic traiisinnlaliou. An atom deprived of one of its 
outer electrons ct.ases to be neutral, and becomes an ion. 
No otli(‘r changes take ])lace. In the course of time, the ion 
attracts a lre(‘ electron and again becomes a neutral atom 
which in no way dilTers Irom the original atom. 

It is quite anotlier thing to take an electron out of the 
nucleus. The atomic charge changes. If it was Z, it becomes 
Z I I. Siicli an atom will also be a positive ion because the 
nujnl)i‘r of (^xtra-nuclear electrons is, as bedore, Z, and these 
Z electrons are not aide to Jieutrali/.e the charge of the Jin- 
eJeus which has become* Z I- 1. We must add one riiori* electron 
to the ont(*r shell. Wlien this occurs, the atom w^ill again 
bc'come lu'utral. lint its properties w^ill differ Ironi those of 
the original one, and it will behave like aJi atom of theni'xt 
element in the IVriodic rable. 

'I’o summarize, radi oar lire. Iransforntaiions arc iransfortna- 
tio/is that harr to do with the nuclei oj atoms. In radioac¬ 
tive Iransformnliou the charge of the atomic nucleus changes. 
As a consecjut'iice, the number of ext ra-juiclear electrons 
changes as do also tlu^ atom's chemical properties. The chem¬ 
ical nature of an element is entirely determined by the 
nuclear charge of its coiistitiKuit atoms. .\s lojig as the nu¬ 
clear charge remains unchanged, the chemical properties 
of the atoms will remain cojistaiit. 

Atoms are jiot immutable as.semblies. By changing the 
charge of the nucleus it is possible to change the clnmiical 
properties of the atoms, that is, to transmute one ehmient 
into another. How^ever, such t ransinutation reqiiires 
tremejidous eiuu’gies. 'Ihe theory of the immutability of the 
atom, of Ihe invariability of the chemical (‘lements could 
arise solely b(*c.ans(^ the processes encoiuiU'red in oarruu’ 
times w(‘r(‘ capabh? ol alTecling only tin* orbital (dectrons 
of the atom without producing any (dianges within the nu¬ 
clei. But when changes occur in atomic nuclei, not a trace 
is lell of this immutability of the chmnical elemmd.s. Badio- 
active |)henomejia made this (juite clear, ami physicists 
linally came to understand tin? true cause of the translor- 
luation of radioactive eleineuls. 
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Measuring: the Oliarg:e of the Nucleus with X-Rays 


The liy|)()lli(‘sis ficrorHi hit lo which Ihe chnrj^t* of I ho 
]iucl(Mis ih^leniiin(‘S I he place ol Ihe eleineiil. in I he Periodic 
'Fahie apjxwued to j»hysicisls l.o Ik* very cloS(* to the Tacts. 
Pul il had to hii coidirnieci hy direcl experiuu'uts iiol only 
Tor radioacl i ve eleiri(‘nts occiipyi iijj: the eiul oT lh(? ])eriodic 
syslein, bul also lor Ihe reniainiji.i»; stabler elements. There 
was onl^'^ one way lo do Ihis and lhal was lo measure the 
charge.s oT all nuclei aJid lo make sure lhal the nuclear 
charge oT I lie alonis oT each i*lejrn‘nl is indeed Ihe same as 
ils aloinic niiinber. Jl was esjXTially im|)orlanl lo do This 
with resjujcl to Ihe un.sellled jilaces in t hi^ Pi*riodic 'fable 
where Iho regular increase in alomit^^ weiglil was violaled, 
such as in Ihe aTore-menlioned groups: argon-potassium, 
c o I) a J t -11 i c k e I, tell u r i u m - i o< li i le. 

'Jdiis job was accom]dislied by Moseley, who solved Ihe 
problem indirectly. In ord(‘r to gras|> the meaning oT his 
inv(*sligalions we shall have to digress at l(‘nglh. 

According lo Hulherlonl the atom oT an elemenl consists 
oT two basic parts: I Ik* atomic Jiucleus, IIkj subj(*cl ol our 
discu.ssion, and electrons (whoso quantity is deleriui jumI by 
the size oT tlH^ nuclear charge) makijig up the extra-nuclear 
shells ol the atom. This latter part is not directly r(‘lal(*d 
to the tofiic oT this book. However, il was lound that cer¬ 
tain projjerlies oi I he electronic configuration oi the atom 
might be used lo clarily some oT the values characterizing 
the nucleus, and amojig other thing.s, to determine its 
charge. Thai is why we shall discuss in more detail this 
electronic slrucUire oT the atom. 

I'he properties oT the orbital electrons were first inves¬ 
tigated by Pohr. Using the nuclear model ol the atom as a 
basis, he found the laws that govern the movemont of 
electrons about the nucleus.* According lo these studies, 
the Z electroJis in the atom (the nuclear charge ol which is 

* If Llio ch'clrons in tin atom wore af rest llio iVnro of cleolrical 
atlraclion to IIkj micloiis would finally draw triom lo it. Ilouco, an atom 
can bo in a stable sL.ato only if its orbital oloct rons an* in a slalo of coii- 
stanLmotion. Tlioy may bo likonod to tlio irnivomonl of tin* planols about 
tlie snii. Dno to this mol ion, tlio planols do not fall onto llio sun though 
they are always attracLod to it. 


73 



also Z) are arraiiK^ul in ilifTereiil ways. TJjcy I'orm difTereiit 
groups, wliirli are dislri buled in the atom as is (liagraniniai- 
ically shown in Fig. 10, in layers nl’ vlilTerenl radii. These 
layt'i's (or sJiells) are designated l>y the lelters A', L, 7l/, N, 
etc. The sliell ol electrons closest to the JUicleus is denoted 
by K, th(‘ iKW't shell is A, which is lollowed by A/, N, etc., 
in the ordc-r ot the alphabet. 1'he Jiiunber of elect rons that 
make no each of these shidls is liiniled: il. caiuioL exceed 



a certain very deiinile limiting value. This value differs 
with each shell. In the closest A-shell th(*re can be no 
more tlnin two electrons. Ilie maxinium number of elec¬ 
trons whicli I he /.-shel I can accoinmodate is eight.TlieAZ-shcll 
can hold up to TS eh^cIrons, ami the* A’-shed I tak(‘s a maximum 
ol 32 electrons. The limit numbers of electrons iji the dilfer- 
ent atomic shells form a very regular series. 'I'his r(‘gularity 
may easily be noted, dumber the K, L, il/, A\ etc., shells 
in order: 

A, A, A/, A\ O,... 

1, 2, 3, /i, 5,.. 
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The squares of these ordinal in i in hers form a not lie r series: 


1, 4, t), J(), 2:.,... 

The douliled values ol' these numhers are respectively equal 
to 

2, 8, 18. 32. 30,... 

and coirici<l(5 witli thii above limitin.tr figures for the mimh(‘r 
of eltM'lrons that lill l.he corn'spomli 11 ^ extra-nuclear (dec- 
tron shells of tli(> atom. 

A knowledge of the laws of distril)ution of electrons in 
the shells made it ])o.ssible to find t he cause of the period¬ 
ic repetition of clKunical properti(JS in the elements of 
Mendeleyev's Table. \V(i have alreatly (*stahlish(‘d t hat in this 
liable the atoms of different chemical eliMuents are arranged 
in the order of iJicr(.‘astng charge of t he atoinic. nucleus, 
ami coiLsequeiitly, in the order of increasing number of ex¬ 
tra-nuclear electrons. In the atom of each successive element 
of the Iku-iodic Table the nucleus has a charge one unit 
nior(*i than the preceding element, and th(! electrutiic configu¬ 
ration of the atom of each succeeding element has one addi¬ 
tional electron. In what shells are these electrons arrangcul? 
To an.swer this que.stion, let us consider the magnitudes of 
energy that the electrons in the dilh'rent shells po.ssess. 

As we have already fiointed out, the electronic sh:‘lls 
are situated at differetit distances from tlie nucleus. Ob- 
vio.Jsly, the closer the electrons are to the nucleus, the 
greater is the attraction of the nuchms that they exjierience, 
since the forces of interaction between charges are inversely 
proportional to the .square of the distance between them. 
For this reason, the electrons in the Ar“.sheli are more strong¬ 
ly bound to the nucleus than the electrons of the /v-shell. 
And in turn, the electrons of the L-shell are more strongly 
bound t han those of the/I/-shell and so forth. Since the elec¬ 
trons in the atom are attracted to the nucleus, a certain 
amounli of work must be done to remove an electron from an 
atom. The energy required for the ionization of an atom, 
that is, for the removal of an electron from the atom, is a 
measure of the binding force of the electron in the atom. 
Let us denote the energy expended in knocking an electron 
oat ol the AT-shell by Wa, and the energies required to remove 



an electron from llic L, M, A%... sbcJls respectively by 
Wj^, Obviously, Wn will be greater than Wl, 

and the latter will be greater than Wm, and so forth. Since 
the energy comniunicatetl t.o the electroji in its removal 
from the A'-shell is greattu* than from the /^-shell, it is 
obvious that an electron in the A-shell possesses less energy 
than in the shell. An eleciron in the A'-shell has an eJiergy 
that is less than that ol an electron in I he A-shell bv a factor 
of Air: 

We are now in a position to answer the qiieslion of how 
th(^ electrons are distributed in I ho electronic shells of 
the atom. Since? any system slriv(‘s to pass into a state of 
lowest possible ejiergy, the electrons entering an atom will 
strive tiO occupy ]>iaces in the A'-shell, the A-shell and otlu'p 
free shells of least energy closest to the nuch'us. lUit not all 
the electrons can g(‘t into the A'-shell. We already know" t liat 
this shell cannot accoinniodale any more than two elect rons. 
The remaining electrons are forceil to find places in shells 
of greater energy. II the nuclear charge does not exceed JO, 
the number of extra-nuclear electrons in the atom is not 
over 10, ajid all the remaining electrons may be arranged 
in the A-sholl which can hold eight electrons. II' the niirnlx'r 
of electrons in the extra-nuclear conligiiratioii of the atom 
is greater than JO (the nuclear chargi‘ (*\ceeds 10), then a 
part of the electrons have? to find )dacc?s in tiu? .1/-shell that 
accommodates 18 electrons, and tJieii in the A'-shell, and 
so on. 

Tile fact that only a limited nnmlun* of electrons can occupy 
the inner sludls ol least energy is what conditions the perio¬ 
dicity in the chemical jiroperties of the elements. As the 
shells fill np, the electrons arrange themselves periodically 
in the outer shells. The similarity ol the outer ch;ctroriic 
shells of atoms determines the likeness of the chemicul 
properties of the elements. 

Let us rel urii to I he J^u iodic Talilc. The first clement 
is hydrogen, the second helium, with an atomic number 
of two. The nuclear charge of its atoms is also two. lleliuiii 
has two electrons, both in the A'-she 11 filling it completely. 
Atoms with their outermost shell filled are especially stable. 
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Ilornim is a noble gas uriti (*liemi(:ally inert. The next t*le- 
iiKMit alter Jielinm in the J\>ri()<]ic is lithium witJi an 

atomic nnmher ot three, riie three exl.ra-iuiclear electrons 
arc divided np lietweon tlu^ A’-shell and the A-shell with 
two in the lorrner and one in tlie latter. Fhis single electron 
in the y^-sliell has considerahlv griwil.er (‘lu^gy tljaii liie elec¬ 
trons ol th(! A"-shell. Much less energy is required to dis¬ 
lodge it Iroin th(» atom. For this reason, an atom of lithium 
relatively easily gives up its electron Irom the /.-shell, 
cnitering into coni|)onnds with different atoms. 'I'lu* ability 
ol lithium to give iq) its outer electroJi is whal character¬ 
izes its chemical hidiaviour. l/ithinin belongs to the group of 
alkali metals. The (*l(‘m(Mits followijig lithium, beryllium, 
boron and carbon have, respectively, two, three and four 
electrons in IIkj /.-sfitdl. 1'h(^ number of these electrons 
determijies the chemical valente ol the ehnnenls. Hie tenth 
chmiejit, Jieoji, has both I he A' and L-shells tilled. A group 
of eight electrons is especially stable ami therelore wo 
lijid neon as a Jioblo gas. Neon is followed in the Periodic 
Table by sodium, with an atomic Jiumlier of eleven. There 
are eleven e.xtra-nuclear elect rons in this atom. Two fill 
the A‘shell, eight fill the /..-sludl and the eleventh is in the 
.47-shell. Sodiiun, like lilhinm, has one weakly liound eh^c- 
tron ill the oiilerinost shell. Hiis is what e.xyilains the simi¬ 
larity of the chemical |)roperties of sodium and lithium. 
Like sodium, lithiniri is an alkali iin'lal that easily gives 
up its weakly hound outer eh*ctroii. 

llohr's theory not only explained the reason for perio¬ 
dicity in the cJiemical pro|)erties of the elenu'iits, hut also 
indicated a new way of di'lermiiiiug the unclear charge of 
each element. This was done hy Moseley. To understami the 
idea of these ineasuremeiits, we again rider to the A'-, L-, .d/-, 
etc., shells, which accommodate the cxtra-niielear elec¬ 
trons of the atom. We repeat again that to remove electrons 
from these shells, energy must bo expended equal to Wk, 
WL, VFa/, etc., respectively. This energy may be imparted 
to the electrons if the atom is acted on by an outside force, 
lor example, through the impact of an electron or alpha |>ar- 
ticlo. If I he adiiig force is sulficienlly great, tJie electron 
will bo knocked out of the conespoiiding shell and t he atom 
will thus he ionized. However, the action mav uot jjjrovc so 
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strong aiul tin* t'h'ctron ot the A'-slicIl will receive an energy 
less than Wa*. This is not ejioiigh to detacJi tlie electron 1‘rom 
the atom hut it may Ik^ sul'ficieni lo throw the electron lor 
instance from the A'-shell to the L-shell (if it is not filled) 
or into the il7-shell. Such an atom, with an electron l.rans- 
lerred from its normal shell to aJi outer shell, is neutral, 
it is not an ion. Hut i t differs from the other normal atoms 
of this clunnical eli'iniMit in that it has an excess of energy. 
Atoms with excess (*ii(*rgy are commonly called (\\cite<l 
atoms. Thus, an atom may be in any one of three possible 
states: ground (in)rmal), ionized, and excited. Let us denote 
the energy of a normal atom by and the energy of an 
excited atom by IT'. 

Now what happens to an excih'd atom? W’e alreacly know 
that an ionized atom, i. e., an atom deprived ot an electron 
tends to rt'verl again to the Jiormal stalx^. To do this, it 
must catch a tree el(‘clroji from oulsiile. An excited atom 
does not Jie(‘d to captnrt* anything, since excitation ojdy 
changes the eiUM-gy of one of the (*.vtra-nuclear (dectvons, 
while the nuinlHT of electrons remains the sann?. Naturally, 
such an atom can relnrn to the groujid state (iuick(*r than an 
iojiized one can. I'la* question aris(‘s as to what will become 
of the excess energy - which the atom bad in the 
exciU^d stale. 

'J'o this (juery Bohr gave the followijig answer: An atom 
passuiff from an excited state to f^roand (normal) state /v/- 
diates a certain portion of light rnergi/ (equal lo the tniergy 
of excitation). 1 his |)orlion of light energy is now called 
a quantum of light. What is this light which is radiated? 

We know that Ihere are numerous colours of visible light: 
red, blue, gr(‘eJJ, etc. We also know of the existejice of in¬ 
visible rays: infrared, ultraviolet and X-rays. 

All these dilTerejit rays have the very same nature; all 
of them are electromagnetic waves and dilTer from each 
other not more than <lo the sounds of music from each other. 

All the distiiiguishable sounds of music, exj)ressed as 
notes (do, re, mi, etc.) are also of one and the same nature. 
"J’hey are vibrations of air and dilTer only by the frequency 
of the vibration. 

In like manmu*, the dilTerent light rays, both visible 
and invisible, differ only in the frequency of the elcclro- 
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mngiiotic oscillaliojis. The JrcMjiiciicy of these oscillations 
is extremely large. Thus, ioi* exaiiij)le, the frequency of 
y(?llow rays (^niilioJ l»y tlio iti<'aii<lesc(Mit vapours of sodium 
is 5x10** I)er secouvl. All shades ol visible ligid have fre¬ 
quencies ranging from 4>10*^ to Sx lO*"* oscilJatitjns 
per second. The Irequencies of oscillations greater than 
10^*^ t)er secojirl correspond to ijixisibh^ (ultraviolet) rays. 
Invisible also are rays with a frequmicy less t’lan 4x1(V^ 
per secojid (iniraiol rays). The large range ol oscillations 
irom 10*® to .‘Tv 10‘® ];er .s(‘Cond is covereil by the so-called 
X-rrys. In |>assiiig it may l»e mejitioned that the ganiina rays, 
discov(n*ed as a component of railioai t’l\e radiation are of 
the same natuie as visible 1 gbt. Gamma lays are also elec¬ 
tromagnetic waves, only their frt'qiiency is still greater. 
The frequency of oscillations of gamma rays is of the order 
of 10‘® to 10“* per second, it is common to desigjiate the 
lre(]uency of oscillations by the Greek letter v (nii). 

Now to return to our problem. What, light will be ernit- 
ti^d when an atom passes Irom tlui (excited state lo ground? 

On llohr’s theory, it follows that the fretfuency of the 
light emitted when an atom passes from an excited state to 
tile ground state dej)(*jids on the energy diiTertvrice betw^'cn 
the excited and ground states. TJie gr(*atm’ the energy of 
excitation, thc^ greater will be tin* fnujmmcy of the light 
radiated during the transition from the excited state to 
the ground state. 

1’lie exact relalitm existing between the frequency and 
tin* excitation energy IV"- is given by liohrin the lol- 
lowing equation: 



IT(M’e Ii (lenotes a constant that plays a trcinoinlous role in 
atomic physics and is called JManck's (‘onstant, w’hich is 
equal to li.1)2 X 10"“’erg sec. The value//v, which represents 
a portion of light energy emitted by one atom, is called a 
(juantum of light. 

As far back as the nineteenth century it was knowm that 
the radiations of dilTorent substances differ. It appears 
that each chemical element emits rays not of one and the 
same delinite type but in the form of a spectrum, which is 



a complex radiation consisting of many ditlennit rays. But 
the sp(H*truin ol these rays in the rase ol each element is 
specilic. This peculiarity of tlie spectra ol different substances 
is l)(‘st revealed in the gaseous stale. 

Further investigations showed that the character of tins 
spia trnin which is radiated owing to excitatioji by I he atoms 
ol llu» given substance, depeiuls on the magnitude of the 
excitation energy. As llie excitation energy increases, new 
rays appear in the spectrum ol radiation. These new rays 
readily iorm grou|)s, which are called series. The charac¬ 
teristic leature applied in (he grouping oi rays into series 
is very simple. All (he individual rays ol one series aj)- 
pear in the ratlialion siinnllajieoiisly. If th(‘ excitation is 
insuinciont, there an‘ al)solulely Jio rays ol the respective 
series; il tlie excitation energy is greaUu* than a certain 
limiting value, all tin* rays of I he seri(‘s appear at. once. 
While studies were coiilined to atoms ndatividy feebly ex¬ 
cited (tor example, healed to .several thousands of degrees), 
the light obseiv(Ml consiste<l of low-(‘n(*rgy light ({iiaiiia 
that comprise visible rays, infrared rays, and, in small 
quantitioiS, nilraviolel. rays. 

Later, whejj we learned bow to imparl to atoms gr(‘at(vr 
excitation, w(‘ observed radiation that- contaiiiiMl quanta 
ol greater energy. 11, as Bocuitgen not(‘d, atoms are excit¬ 
ed by electrons that |)oss(*ss an imergy ol sevm*al tens of 
tboiisands (d* ek cl roll volts, \-rays are produced; tliesi? ray« 
are radiation (juanta of big energy that, are also measured 
in lens of lliousaiidsof electron-volts, (finite understandably, 
to obtain radiation (|uaiita of such high energy, it. is neces¬ 
sary to excite lln^ atom very strongly by endowing it with 
«a big snpfilernentary portion of energy. 

This difTeri'iice in the radiation of atoms willi varying 
excitation energy was fully (‘xplained by the Bohr tJieciry. 
The reason is the differenci^ in the amoniit of energy that 
the eh^clrous in different shells Jiave. (Accordijig to Bohr’s 
theory, the liinding energy of the electron depends on the 
radius ol its orbit, being inversely proportional to the 
square of lln? radius of its orbit.) If w^e knock an electron 
out of one of I III* inner shells, the vacant place will bo 
occupied by an (dectroii formerly in one of the outer sliells. 
It is in such transitions that radiation takes place, since 



elcclroiis siliialod in llui more rlislant shells have greater 
energy. X-rays arise when electrons [»ass to shells closest 
to the nuclens. 

X-radiation was the subject that Moseley attacked. Jlis 
attention was especially drawji to the A'-series which is 
produced as a result ol' electron transitions from dilTerent 
shells into the A'^-shell, and, in jiarticiilar, a line called 
A’^-alpha (the usual designation is ATJ. This line is railiat- 
ed during the transition of an electron from the L-group 
to the AT-group (sec Fig. 10) and is the most intense line in 
the A'-scries. 

Moseley’s interest in the A-series and, in particular, 
the A„-line, is quite understandable. When the A-series 
is excited, electrons have to he knocked out that are closest 
to the nucleus, and, consequently, experiejice the greatest 
attraction. Besides, A-electrons arc attracted to the nucleus 
without their force being reduced by the action of other 
electrons. It is therefore natural that the influence of the nu¬ 
clear charge will be most projiounced on the motion of such 
electrons. Bohr examined this problem theoretically and 
showed that the frequency of radiation of the A^-line de¬ 
pends on the size of the charge of the atomic nucleus as 
follows: 

v-7?(Z —1)* (6) 

where Z denoU^s, as usual, the size of the nuclear charge in 
elementary units, and /i is a certain constant frequently 
encountered in radiation theory and equal to 3.29X10”'* 
sec.”^ 

Equal ion ((i) shows lhat the frequency of the A^-line belong¬ 
ing to the A-series of X-rays is related to the size of the 
nuclear charge under study. It might be expected that a 
measurement of the frequojicy of A« would help us to de¬ 
termine the magnitude of the charge of atomic nucloi. And 
so Moseley decided to measm*e the frequency of the A,- 
line in different elements. The huge piece of work he car¬ 
ried out led to a very important result. It was found that 
the frequency of X-rays varies from element to element in 
a very regular manner and in full accord with equation 
(6). For comparison with this equation, it is convenient to 
show the results of the measurements in the form of a graph, 
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plotting the values ot y ^ axis, and the atomic 

mini her Z on I he olli(»r. Such a graph is given in Fig. 11. 

From this graph it is readily seen that the square root 
of the treqiKMJcy of the A'^-lines of \-rays varies linearly 



Fig. 11. The frequency of Uie A’, line as a fiinrlion of atomic 
number. The atomic mimher is plot led on llic horizonlaJ coordi¬ 
nate, and the square root of the frequenc.y divided by the con¬ 
stant H on the verlicaj coordinate. 


with the atomic number. This fact, when correlated with 
equation (0), signifies that the atomic number of an ele¬ 
ment is connected with the charge of the nucleus and varies 
just as the nuclear charge does. This remarkable result has a 
dual significance. On the one hand, it is a substantiation 
of the Hohr theory of the atom that is based on Rutherford’s 
nuclear model, and consjqueiilly, serves as additional con- 
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firmatioii of tliis modol. On tho other liainl, it enables us 
to measure the ciiarges of atoinie. nuclei. I'o do this, it is 
necessary, according to equation ((j), to measure the frequency 
of the jRT^-liJK? of tlie element under study and divide it by 
the constant R\ them extract the square root of this ratio 
and add unity to the result obtained. 1'his number will 
then be the magnitude of the nuclear charge. 

Moseley's measurements showed that the nuclear charges 
of atoms of different elements coincide, with a big degree 
of accuracy, with the value of the atomic number. This 
once again confirmed the above hypothesis. 

As a result of extensive work carried on by many scien¬ 
tists we have obtained undoubted proof that atoms consist 
of atomic nuclei and electron shells. The atoms of different 
elements differ in the size of the nuclear charge and the 
num\>er of extra-jiuclear electrons, it has also been estab¬ 
lished that the elements in Mendeleyev’s Periodic Table 
are arranged in the order of increasing nuedear charge of the 
atoms, two adjacmit elemejds differing by unit charge. 

'Idle existenctj of atomic Jiiiclei ceased to be a hypothesis. 
It became a scientific truth. 
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Chapter HI 

THE MASS OP ATOMIC NUCLEI 


The experirnenis riescriberl in the preceding chapter proved 
the existeiico of atomic nuclei and at the same time 
established two of their fundamental properties. 

1. The size of the nuclear charge is equal to the atomic 
number of the element. 

2. 1'he mass of the atomic nucleus is close, in magnitude, 
to the mass of the whole atom. 

However, in the above-mentioned experiments, the mass 
of the atomic jiuclei was not measured directly; it was only 
surmised in terms of indirect data. liut after the charge, 
the mass is the most essential characteristic of tlic nucleus. 
Thus arose the problem of measuring the mass of atomic 
nuclei with greatest possible precision. It is of course difH- 
cult to measure directly the mass of the nucleus. To do this, 
one would have to get rid of all the electrons of the atom. 
And this can be done only on rare occasions (for example, 
ill the case of hydrogen and helium, wdiere the number of 
electrons is small). For this reason, one has to he content 
with eslablishing the mass not of the nucleus, but of the 
atom as a whole. Since we have a relatively good knowledge 
both of the mass of an individual electron and of the total 
number of electrons in the atom, we are able to determine 
the mass of its nucleus by dcniucting the mass of the elec¬ 
trons from the lotal mass of the atom. 

Measuring the Mass of an Atom 

To determine the mass of an atomic nucleus it is suf" 
iicicMit to measure the mass of a separate atom. But how 
is this done? The simplest way would be to weigh a sulfi- 
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ciontly lar^^o but woll-kiiown iiiimbor of atoms. This was 
Mh*. ni(‘tli<)(j conirnonly uscmI carl'K*!- in (lolorminiiig tin? mass 
ol atoms. It was known that ono grarn-atorn of any siibstanco 
contaijis A^ = ()X 10®® atoms. Ojio gram-atom also rontainsas 
many grams of w(‘iglil as tluno are units in tlie atomic weight 
of the given elemcmt. Consequently, the mass of one atom 
is ^ (where y\ is tlie atomic weiglit). This means that a 
(leteTinillation of the mass of an isolated alom may be re¬ 
duced to measuring tlu^ atomic weight. 

Methods for determining the atomic weight had long 
since been worked out. Taking the atomic weight of oxygen 
as It) and establishing by experiment the weight quantities 
of the interacting oxygen and the given element, it is pos¬ 
sible to compute the atomic weight of the element. 

Let us agree to express the mass of the atom not in grams 
but in conventional units of mass, in which the mass of an 
atom of oxygen is 1(1 In these units the mass of the atom 
and the atomic weight are expressed by one and the same 
number. Hereinaftm* we .shall express the mass of an atom 
in precisely these units (the unit of mass we have selected 
is equal to l.()(l< 10“®* g.). 

It was the relation hotween the atomic weight and the 
mass of an atom that was u.‘^ed in the first delerniinations 
of atomic mass. However, this method of determining the 
mass did not satisfy scientists. First, I he acciiracy of meas- 
uremmit of atomic weights was not very gri‘al; secondly. 
Hie iinmher of atoms in one gram atom was not known with 
sutficienl accuracy, and finally, and this was most essen¬ 
tial, it had not lieen proved that tlio masses of all atoms 
of a given element are alike. And what is more, a study of 
radioactive substance.s and the products of their trans¬ 
formations pointed to (he existence of isolojx's, atoms with 
the same clu^mical properties but of dilTerent mass. And 
not only radioaclive elements have isoto|)es. It was found 
tliat the stable eleni(*nt of lead has isotopes. It might 
b(^ expected that also oilier stable ehniionts consist of 
isolopes, lint to tiecide this qiK'.stion methods had to bo 
found of measuring directly the masses of individual 
atoms. 



Separating: the Isotopes of Neon 


To (lolermiiie llu* mass of individual atoms, Thomson used 
the electromagneiic method, described above, of deter¬ 
mining the ratio of the charge of a i)articlo to its mass. If 
we know the size of the charge of an ion and have determined 
the ratio of the size of the charge to the mass of the ion, 
it is possible to calculate the mass of a separate ion, and, 
hence, also tin* atom. The determination of the ratio of 
charge to mass is based on the dilTerencc in action exerted 
on a moving ion by electric and magnetic fields. 

If in the path of a beam of ions that has passed through 
an electric iield and a magnetic field,* which coincide in 
direction, we interpose a photographic plate capat)le of 
recording th(‘ point of encounter of the ions and the plate, 
we should then obtain on this plate a certain curve, the 
position of which would depend on the mass of the ion. It 
may be recalled that the deflection of an ion under the ac¬ 
tion of an electric field E is 


_ ^ V 

' ^ m 2//* 


( 1 ) 


and ujjder the action of a magnetic field // is 




m Zu 


where e is the ion charge, m its mass, and / the amount of 
deflection. 

Let the <leflectiori due to the electric field be din^cted 
vertically up (Fig. 12) and the deflection due to the magnet¬ 
ic field, horizontally from leit to right. For all ions of 
equal mass the defl(?ction will depcnid oidy on the speed of 
the ions. However, this dependence in the case of deflec¬ 
tion in the electric and magnetic fields differs. If, for 
example, the spt*ed of the ions is one half, then in passing 
through the electric and magnetic fields the ion \vill deviate 
upwards lour times as strongly (the action of the electric 
field) and only twice as strongly to the right (the action 
of the magnetic field). 

* Jf tlic diroclion of the ckrlrit: iiiid jnagnctic fields nro Uiu same, 
their action on a moving cliarge will be mutually perpendicular. 
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When a beam of HilTerciit-speed ions passes through the 
magnetic and electric fields, these ions will make impact 
on the photographic plate at a number of points located on 
a single curve (Fig. 12). 

Thomson analyzed the relation of the electric and mag¬ 
netic deflections and showed that the curve along which 
ions of a definite mass and charge hut of dilTerent speeds 



Fig, 12. A beam of ions having difforent specjds is brokon down 
into a parabola by means of electric and iriagnotic fields. The acting 
force of tbe electric field is designated by A'/j, the acting force of 
the magnetic field by Fji\ Ky and A', are diaphragms that coiiimato 

tbe beam. 


distribute themselves is a parabola. There will be as many 
dilTerent parabolas as there are ions in the beam with dif¬ 
ferent masses or charges. Thomson's method became known 
as the “parabola method,” from the name of the curve. 

The element selected for the first experiments was neon. 
The instrument used to weigh the neon ions is shown diagram- 
matically in Fig. 13. 

Within a spherical glass bulb A are two electrodes B 
and D which are capable of exciting an electric discharge 
in the bulb. To enable a discharge to develop, it was neces¬ 
sary to evacuate the air from the bulb This was done through 
a branch pipe F connecting tbe bulb A with a system of 
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vacinim puirips. Neoji was iii jocl od into vessel A 1 11 rough a 
capillary lube in order to obtain neon ions. The pressure 
of the neon in vessel A was regulated on the one hand by 
the speed of its How- IlirougJi the capillary tube and on the 
other hand by the speed cd' evacuation of l.he gas by vacuiiin 
])iiinps. Hy selecting an appropriate relation in the speeds 
of the.se two proc.es.s(\s, it was [lo.ssilile to attain the re- 



Fig. Jo. Difi^Taiii of n jiia.ss-.spccliograpli d e.sigiiod liy Tlioni.soii. 



(juisite degree of rarefaction of neon in vessid .1 for discharge 
to lake ])lace. A negative pole was connected to electrode 7^, 
and a positive jiole to (dectrode D. As a result, the stream 
of positive ions ]nodiiced during the discharge should move 
from electrode D to electrode A “canal” was drilled in 
tdectrode U to pass a certain jiortion of the ions into the 
other jjart of the ajjparatus in the form of a pencil. Here 
they passed between the jioles of a strong electromagnet. 
Plates P and P’ (properly insulated and with an electric 
Held between them) were attached to the pole pieces M 
and A'P of the electromagnet. Since the plates P, P' wwo 
parallel to the ])ole surfaces A/, the magnetic and electric 
fields had the same direction (as is shown in the diagram in 
Fig. J2). 

Ihe beam ot ions deflected by the magnetic and electric 
fields passed into the part of the apparatus labeled G in 
Fig. 13. Here it encountered the photographic plate H, 
placed perpendicular to the axis of the canal drilled in 
electrode B. 



Tlio photograph produced in these experimcnls is shown 
in Fig. X (see A])pejidix). 

Tills ligure eli^arJy shows that the ion beam lliat has 
passed through canal B is not uniform. This resulted in not 
one but several parabolas. After a thorough analysis of 
all the obtained tracks Thomson found the parameters of 
these parabolas and from the former he determined the ratio 
from which he found the mass ol the ions. 

lie obtained the following mass values: 200, 100, 44, 28, 
22, 20. What do these numbers imply? What substance do 
ions of mass 200 r(‘present? 

A glance at the Periodic Table at the end of the book will 
giv(*. the answer at once. In siiiiare No. 80 we lind mercury 
with an atomic weight of 200.01. It is quite natural to ascribe 
to atoms of mercury tlie mass of 200. This is all the more 
natural since there should be mcjrcury vapour (from the 
mercury pumps) in the discharge tube. Besides mercury 
vapour, one should expect the presence of carbon oxides 
that get into the discharge tube from the lubrication used 
for the vacuum packing. I'he 44 and 28 mas.ses correspond 
to ions of cariion oxides. Mass 44 consists of ions of carbon 
dioxide gas CO* 2 ^, and that of 28 belongs to the ions of car¬ 
bon monoxide CO'*'. The mass of 100 units was attributed to 
doubly charged ions of mercury, because the ratio ejm in 
the case of a doulile charge c^2e is the same as the ratio of 
a singly charged ion to a mass half as much: 
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Ions of mass 20 should bo ions of neon although the atomic 
weight of neon is actually slightly more, namely 20.183. 
Now what arc the ions of mass 22? 

There is no element in the Periodic Table with this 
atomic weight. Thomson surmised that ions of mass 22 also 
belong to Jieon, and that, consequently, there exists not one 
but two kinds of neon. One kind of atoms has a mass of twen¬ 
ty, and those of the other kind a mass of twenty-two. Sub¬ 
sequently, more detailed measurements showed that there 
exists (true, in small quantity) yet a third isotope of neon 
with a mass of 21. 



The atomic weight of neon is 20.183. According to 
Thomson this figure represents the mean weight of a mix¬ 
ture of two (ill actuality, three) isotopes of neon. It is 
worthy of note that in Thomson’s measurements the atomic 
weight of both isotopes is expressed by a whole number, 20 
and 22. To obtain the mean atomic weight 20.183 from the 
masses of such isotopes it is sufficient to assume that the 
mixture contains 91 per cent of an isotope of mass 20 and 
nine per cent of an isotope of mass 22. 

More precise measurements carried out at a somewhat 
later date showed neon to have the following isotopic com¬ 
position: 

Ne*® ... 90.51% 

Ne*' ... 0.28% 

Ne” ... 9.21% 

(here, the superscript of the chemical symbol Nc denotes 
the mass number of the isotope). 

In future we shall call the isotopic weight that atomic 
weight which an element would have if it did not consist 
of a mixture of isotopes, but only of the given isotope. 

From his work, Thomson drew two important conclusions: 

1. The element neon (and possibly other chemical ele- 
meiiLs) consists of a mixture of isotopes. 

2. The isotopic weights are expressed by numbers that 
are very close to integers. 

To the second conclusion we shall return further on; 
now h?t us examine other experiments that confirmed the 
first of Thomson’s conclusions. 

If this conclusion is correct and neon is indeed a mix¬ 
ture of isotopes of atomic weights 20 and 22, then why is 
the atomic weight of an element a constant? The point is 
that the atomic weight depends on the ratio of the isotopes in 
the mixture, and any change in this ratio should change 
also the atomic w^eight of the element. But perhaps, the atom¬ 
ic w'oight is not an exact constant? No, it is. (^larcful meas¬ 
urements carried out during investigation of this problem 
showed that everywhere on earth the atomic weights of 
elements are the same, no matter where these elements are 
found. However, this result does not contradict the assumj>- 
tion that the elements consist of isotopes, for the constancy 
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of Iho atoniic weight, might mean (hat the comlilioiis of 
formation ol t.lie elements from isolopc's were the same over 
the ojitirc surlace oi tin* eartli. To be assur(*<l ol the eorreet- 
iiess of the (‘ontention that a (*h(*mical element consists of a 
mixture of isotopes, and that, as an individual case, neon 
of atomic weight 20 and 22 exists, it w^-is necessary to sep¬ 
arate these isotopes or at least change t heir ratio. A change 
in the ratio of the isotopes in the mixture would change 
their mean atomic weight. 

Hut how is one to change the ratio of isotopes in the 
mixture? 

It is a relatively simple task to separate chemical elements 
for they behave diflVrejitly in dilTerent chemical reactions. 
But isotopes react with all substances in the same way, and 
it is impossible ch(*mically to separate them. It is true a 
similar task did once confront sci(*ntists; it was that of sep¬ 
arating different noble gas(‘s, of breaking up into its con¬ 
stituents the mixture of noble gases—argon, krypton and 
xenon. The chemical properties of these gases are closely 
related and therefore pundy chemical nu'thods were insuf- 
iiciont to separate them, ll.se was mad(j of differences in 
the physical properties of these elements, as, for instance, 
their atomic weights. But the atoniic weight of argon is 
39.9, that of krypton 83.7 and of xenon 131,3. These are 
very perceptible differiMices. Krypton is twice as heavy as 
argon, xenon is more than three times as heavy and still 
the problem of separating these noble gases was not by any 
means easy. 

Though the difference in the atomic weights of both iso¬ 
topes of neon is slight, amoujiting to only two units, Aston 
undertook to apply to tin? separation of th(?se isotopes the 
very same procedure? of diffusion used to separate the noble 
gases. The principle behind this diffusion method is ex¬ 
tremely simple. 

It is known that all gases possess to a greater or lesser 
degree the power to leak through a clay wall. This is because 
the molecules of a gas move in all directions and a part of 
them are able to diffuse through the pores of a clay wall. 
The greater or le.sser diffusion power is due to the difference 
in the mass of the atoms (molecules) of the gas. The greater 
the mass of atoms, the lower their average .speed, since the 
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mean kiiiiUic onnrgy of all molociilos of a gas is the same, 
depending only on I In* tenipeiaUire and not on t Jie typo of 
gas. Hence, a gas consisting of heavier molecules will tlif- 
fiiSG through a clay wall more slowly than a gas that consists 
of lighter molecules. If we take a certain <pjantity of a noii- 
homogoneons gas and allow" one half of the gas to diffuse 
through t h(‘ clay wall, there will he a slightly greater amount 
ol light gas in the part that seeped through, and a slightly 
greater aniount of the heavy’ gas in the part that, remained 
belli nd. 

This was the method that Aston employed. lie took 100 
cul ic centimetres of pure neon ainl subjected it to diffusion 
l‘rartionati<in. i. e., to a se|»aralion of the gas into two 
dilfenuit parts, which separation is pf>ssihle because light 
molecules tliffuse tliroiigli tin' clay Avail faster than the h(*av- 
ier oiii's. 'I'Ik* original portion of gas gave' birth to two 
jiortions, of»e of which had a gr(*ater ])(M*ceiil.age of the liglit 
isotope Ne®**, and the* other a somewhat larger amount of 
ISe**. Or. in technical terms, as a result of diffusion there 
were formetl two fractions, one of which was (‘iirichiMl with 
a light isotope, .and th^' other with a luawy' isotojie. JIoav- 
ev(*r, this (‘urichiiKud was vei\v insignificant and so the diffu¬ 
sion proc(*ss had to be r(*|K*ated iimny times. 

Th(? resnil of a mult ifold j)rocess of fra(‘tionation was two 
fraction.s of two to three ciil)ic C(Mitimelr(\s each, in which 
the ratio of the isotopes diffenMl from normal. atomic 

weight of th(’ neon of one fraction was 20.2b, of the other 
it liirned out 20 . 10 . Tims the first and li(‘avier fraction 
contained 8f)% (»f and ol iNe®“. fn I h(^ second ami 

light (vr fraction the percentage was 02.0 for JN'e*” and 7.5 
lor Ne®“. The diffusion through clav chang(‘d the atomic 
weight of chemically jmn* neon.* Thus we see that neon is 
indeed a iriiAluri* of isotopes. 

Isotopes of Stable Elements 

After the W’orks of Iliomson and Aston It became clear 
that not oidy raflioactive elements consist of isotopes. In 
this respect, ibe stable elements «Jo not. differ from their 

* Tlie dilTiisinii iiictliod was ly improved upon and it 

was possible to attain cumj)Iete .separation of neon. 
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radioactive brolliers. It was now necessary to subject to a 
detailed and systematic Investigation all Mie known ele¬ 
ments. This prodigious and painslaking Job was underlaken 
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during ihe following two decailes (1913-37) hy a Jiuniberof 
scientists who iriodilieil considerably the parabola method 
making it remarkably sensitive and precise. Fig. XI (see 
Appendix) giv(*s AsUni's mass-spectrograms of a number 
ol substan<*es. A most scrupulous analysis of the isotopic 
composition of a number of elements is still going on. 

In Table IV are tabulaled data characterizing the iso¬ 
topic composition of a few elemejits. It contains the mass 
numbers of tlu^ isotopes (column 5) and their percentage con¬ 
tent (column ()). The atomic weight of each elemejit is indi¬ 
cated in column 4. (lolunui 7 contains the value of the atomic 
weight computed on the basis of data concernijig the iso¬ 
topic comj)ositioii. A comparison of columns 4 and 7 shows 
that agr(»ement between the computed and measured 
values is good. 

1'he greatcM' part of the chemical element shave a complex 
isotopic composition. For example, tin has teji isotopes. 
Ojily a small number of elements consist of only ojje isotope. 
These are beryllium with an atomic weight of 9, fluorine 
of atomic weight 19, then sodium-23, aluminium-27, phos¬ 
phorus-31 , scandium-45, vanadium-51, manganese-r)5, 
coball-o9, aiitimony-75, vltriiim-89, niobium-93, rhodium- 
103, iodiije-127, cesium 133, lanthaimm-139, praseodymium- 
141 , terbiiim-159, holmiuin-165, lliuliuin-l()9, lantalurn- 
181, gold-197, ajid bismutli-209. 

It is remarkable that the atomic weights of all these 
elements that consist of only a sijigle isotope are expressed 
almost exactly by whole numbers. This integer that charac¬ 
terizes the mass of the isotopic atoms is calU‘d the mass 
number. All the other elements, whose atomic weights are 
not cxpre.ssed by whole numbers, were fouml to consist of a 
mixture of isotO|)es, each of which has an integral atomic 
weight. I'liis is a fundamental result, the significance of 
which will immediately be grasped from what follows. 


Trout’s Hypothesis 

Let us return for a moment to the early nineteenth cen¬ 
tury when atomic weights were measured very crudely, 
and for only a few elements at that. At the time (1816), 
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Prout iioticofl that tho known atomic weights measured by 
Dalton wore expressed as whole numbers and suggested the 
hypothesis that all elements coJisisl of atoms of hydrogen 
in quantities that correspond to their atomic weights. 

Prout's hypothesis was soon forgotten for Dalton's moas- 
iirements were fouinl to be erroneous. The actual atomic 
weights ol many elements differ very sharj)ly from w'hole 
numbers. An illustration is chlorine with anatomic weight 
of 35.45, magnesium of atomic weight 24.32, nickel (atomic 
weight 58.1)9), zinc (atomic weight 05.38) and so forth. 

However, when the investigations of Thom.son, Aston 
and other workers .showed that tho atomic weights of the 
isotopes of all elements are really whole jiumi)ers and it 
was ioiiiid that iJie reason for the departure of mean atomic 
weights from tho ijitegral value lay in the existence of iso¬ 
topes, the hypothesis calling for all elements to be built 
up from hydrogen was revived. Of course, there could be no 
talk of taking this hypotliesis in Front's formulation. Our 
knowledge concerning atoms had changed imimmsely dur¬ 
ing those hundred years that had elapsed since tho origin 
of this hypothesis. By the time Aston completed his work 
the nuclear model of the atom had received suflicient exper¬ 
imental confirmation and was generally accepted. If one 
takes tho stand of Prout and considers 1.h(^ integral values 
of the atomic weights to mean that the chemical elements 
arc composed of the more simple elements, such as hydrogen, 
then tho following may be inferred: 

1. The primortlial atomic nucleus is that of the hydro¬ 
gen atom. 

2. The nuclei of all the remaining elements arc built 
up from hydrogen nuclei and therefore the nuclear masses 
(hence also the atomic weights of the elements) must be 
multiples of the mass of the hydrogen nucleus. 

In view of the position which the atomic nucleus of hy¬ 
drogen occupies in this system, it was given a special name, 
“proton,” wliich moans first. 

Thus, the nuclei of all atoms are made of protons. But it 
is quite ol»vious that such a hypothesis is not sufficient. 
Indeed, a look at the Periodic Table shows us that hydrogen 
is followed by helium of atomic weigdit 4. Consequently, 
the helium nucleus should consist of four protons. But the 
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proton (the hydrogen nucleus) is positively charged. The 
size of its charge is numerically equal to the charge of an 
electron, that is, the elementary unit, therefore, the helium 
nucleus should havci a charge equal to four elementary units. 
But the atomic number of helium (i. e., its place in the Pe¬ 
riodic Table) is two, which moans that the charge of its 
nucleus is not four but two elementary units. Or take, for 
example, another element, aluminium with its atomic 
weight 27. Its nucleus should contain twenty-sevcji protons, 
but then the charge of its nucleus should equal twenty- 
seven elementary units, whereas in actuality the atomic 
number of aluminium, and hence also its charge, is thirteen. 
This discrepancy is the same for all the other elements of 
the periodic system too. 

It is clear that the above stated hypothesis is insuf¬ 
ficient and must be supplemented. It was suggested that 
atomic nuclei might contain electrons in addition to pro¬ 
tons. The presence of electrons with their negative charge 
would nalurally reduce the positive charge created by the 
protons of the nucleus. And then the total charge of the 
nucleus would bo less than the over-all charge of all the 
nuclear protons. It is quite a simple matter to figure out 
how many protons and electrons there should be in a nucleus 
to make its mass and charge of the proper value. 

Let the atomic weight of the isotope be A, and its atom¬ 
ic number, and hoJice also the nuclear charge, Z. If the 
atomic weight is A, there are then A jirotons in the nucleus, 
i. e., 

where denotes the number of protons. If the nuclear 
charge is Z, then the following relation must be fulfilled; 

N,^A-Z, 

where Ng is the number of electrons in the atomic nucleus. 
On these assumfitions it was possible to formulate as follows 
our conception of the atomic nucleus: all nuclei cojisist of 
protons and electrons, 'fhe number of protons is equal to 
the mass number of the isotope, and the number of electrons 
is equal to the difference between the mass number and the 
atomic number. 
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It IS difficiilt to name another hypothesis that received 
such rapid and immediate recognilion. Alter the discovery 
ot isotopes and the estahlishmeiit ol' the integrality ol 
the atomic weight, this iiypothesis secmied so natural that 
it was expressed at once by a very large numiuT of physi¬ 
cists. The atomic nucleus could not he a simple system. The 
very existence of radioactivity indicated that nuclei were 
com[)lex systems, and it was of course the most natural thing 
to think that they consist of protons and electrons. How¬ 
ever, in time this hypothesis had to be given up. 


The Binding Energy of Nuclei 

From the above it is clear of what great significance was 
the knowledge of tluj isotopic composition and the numer¬ 
ical values of atomic and isotopic weights. The natural 
desire arose to determine these important values with the 
grea l est jiossi b le preci si on. 

The atomic weights and isotopic composition were meas¬ 
ured with extraordinary intensity during the years from 
1930 to 1940. A number of workers succeeded in improving 
considerably the method of deflection in electric and mag¬ 
netic fields. 

We are not in a position here to dwell in detail on this 
interesting and instructive work of the physicists. To illus¬ 
trate the results attained, we give in Table V the atomic 
weights of several isotopes. It should be borne in mind 
that the atomic weights are computed with respect to oxygen, 
that is, the atomic weight of the isotope “oxygen-sixteen” 
is taken as being exactly equal to 16 units.* In addition 
to the atomic weights, l^ible V also gives the size of the 
error of this determination. As may bo seen from the accom¬ 
panying table, the accuracy which it was possible to attain 
in determining the mass of the atom (recall that the unit 
of mass which we selected expresses by one and the same num¬ 
ber both the mass of the atom and the atomic weight) proved 

♦ There arc two atomic weight scales: the “pliysical" scale, in 
which the atomic weiglit of the isotope oxygen-Hi is taken ns 1(5 
units, and the “chemical" scale, in which the atomic weight of 
the element oxygen is taken as 10 units. 
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very consijerablo, of the order of several ten-lhousaiidths 
of one per cent. 'J'his precision in the measurements of the 
atomic masses led to the cslahlishment of several important 
relationships. 

First of all, note that in the units agreed upon, the atom¬ 
ic weight of hydrogen proved not exactly e(|ual to unity, 
hut sligliLly (hy eight-thousandths) greater Ihan unity. 
Likewise, I he alomic weights of the other elements depart 
sliglitly from whoh^ numbers. Since we agreerl that: 

1) I he atoms of all substances consist of protons and 
electrons; and if A is the integer cl(»sest to the atomic 
weight (the mass number), then tin? atom contains A pro¬ 
tons and A idect rons, of which Z electrons are extra-nuclear, 
and /1-Z (dectrons enter into tlu? atomic nucleus; 

2) the atomic weight of hydrogen is not exactly equal 
to unity, the atomic weight of the elements should not, in 
fact, be absolutely integral. It should only be A times 
greater than the atomic weight of hydrogen. Actually this 
was not the case. 

Look at Table V that contains the atomic weights of 
several isotopes (isotopic w^cights). Take, for instance, 
helium of atomic number 2 and with an atomic weight close 
to four units. Helium thus consists of four protons and 
four electrons (two in the nucleus and two outside). The 
weight of the atom is made up of the weight of tJie four 
protons and four electrons. But the weight of one proton 
and one electron is the equivalent of the atomic wmght of 
hydrogen; llnu’efore we should expect the alomic weight of 
helium to be exactly four limes that of hydrogen. But Iho 
four-fold atomic w-eiglil of hydrogoji e(|iials 4.03252, whereas 
that of lieliiim is 4.00380, that is, less l)y 0.0286(3. This 
difl'crcncc in atomic weights exceeds appreciably the meas¬ 
urement error, which in this instance is only 0.00003. 

Thus, the atomic weight of helium is not exactly equal 
to jour times the atomic weight of hydrogen, bat is some¬ 
what less. 

But why? 

Let us take a similar case. We know very w^cll tliatw-atcr 
consists of hydrogen and oxygen. 'IVo atoms of hydrogen 
and one of oxygen com hi no to form one molecule of water. 
However, tlie formation of water is never the sole result 
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Aloiiiio Woiglils of SoiiH* Tsolop(^« 


Syiiiltol Ilf 
iS(it.npr 


Hydropfcn 

Holiuni 

Lithium 

Lpryriium 

Horon 

Carbon 

Nitro^:en 

Oxygon 


Neon 

Sodium 

Alumitiiiiin 

Silicon 

Sulphur 

Chlorine 

tlhroinium 

Manganese 

("oppor 

Strontium 

Zirconium 

(".admium 

Tin 

Harium 

Hafnium 

Platinum 

Lead 



1 .o()si:nr^o.()(K)(i()3:i 

/j.()038(;0-^().(M)0()3l. 

(5.0lr.!)17H-0.(K)0()r>l 

7.018ir)3-r:().OU(M)r)7 

h.()l>lir)Srt-0.(KKKK>2 

10.0inlni):l:0.(M;M)()7() 

ii.oi2h()J-^().(K)()()r.o 

!l2.(5():i8S(K_:0.0(K)()2r, 

ir).no/jS7(>:r().0U(K)72 

UJ.CKKMIOO 

17.MKjr.() -trO.OOOfHlO 
iS.DO-^Sf) :jrO.()(K.)1S 
I9.t«)88‘) "»“().(KlOOnl 
22.99I)/|4 -^0.00018 
2h.9!)O0Ji =r0.000/|3 
29.98290 itO.00015 
21.{18252 •+70.00020 
:*/i.{l788/i 1^0.00019 
/|9.90020 +-0.00025 
5 / 1.95545 =t0.00027 
04.{)4888/i:l:0.(K)032 
85.93533 =^.0.0(Myi3 
8{K93178 :2:0.00(Xi3 
109.93873 rtO.00000 
115.93779 r!.-0.(K)058 
137.9491 it:0.001I 

180.0004 +:0.0014 
194.0250 ::i-:O.OOI4 
208.0422 =^0.0015 


of this combination of atoms of hydrogen and oxygen. Heat 
is always evolved in the ])roeess. This reaction heat, which 
is othcmise called the binding energy of the molecule, 
characterizes the force that binds the atoms in the molecule. 
The greater the amount of heat evolved in the formation of 
a molecule (the greater the binding energy of tln^ molecule), 
the more lirmly are the atoms bound and the harder it is to 
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hroak up sucIj a mnloculo. The very samo Uiiiig sliouM lake 
place ill the case ol* aloiuic nuclei, which are complex forma¬ 
tions. On our hypothesis, a helium nucleus is foniUMl from 
four protons ami two electrons. These six particles combine 
to form a very stable body, the atomic nucleus of helium. 
Since protons and electrons form a stable combination, a 
certain amount of eiKugy should be released during the 
formation of a nucleus of helium. The quantity of such energy 
will bo the greater, the more' stable the combinalion. 

In the lormation of one gram-molecule of wal('r, 68,000 
calories are evolved. Of course, a nucleus of helium is 
immeasurably stronger Ilian a molecule of water and there¬ 
fore it is natural to expect that considerably greater energy 
will bo produce(l in tin* formation of one gram-molecule 
(or, to ])(^ morc^ |)r(‘cise, oik* gram-aloin) of helium. 

Ilut what connectioji is then* between this and the dilTer- 
enco in th(^ atomic weights of helium and hydrogen which we 
detected above? 'I'lie answer is: a most intimate one. 

In order to make clear the redation that exists between 
the heat of a reaction aiid the fact that the atomic weight 
of helium is slightly less than the four-fold value of the 
atomic weight of hydrogen, let us examine a rather preva¬ 
lent delusion. 

Sometimes ev(ui today the definitions of mass and energy 
are given independently of each otluvr. The mass is deter¬ 
mined from the Newtonian laws of motion (as a measure 
of the inertia of a body) as a value independcuit of the char¬ 
acter of motion (and hence, of the velocity). Energy is 
defined as tin? ability to do work. This is due to the fact that 
for a long time mass and energy were considered independ¬ 
ent properties of matter. It was believed that there exist 
two independent ])hysical laws. One, the law of the conser¬ 
vation of ma.ss, th(j oilier, the law of the conservation of 
energy. However, experiment and theory (Einstein’s theory 
of relativity) show that this is not so, and that mass is in 
fact not independent of ejiergy. 

In 1901 Kaufmann, determining the relation of the charge 
of an electron to its mass found that this relation, which 
is constant (within measurement error) for slowly moving 
electrons, begins to change when I heir speed approaches 
that of light. Later he established that the variation of the 
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chargo-io mass ralio of the olcclroii with ifs sprod is in com- 
plclo accord with t he conclusions oi the theory of rtdal ivity. 

On this th(K)ry, the dependejice of mass on velocity is 
expressed hy the following equatioji; 


whdre Wj, is the rest mass of a body, m the mass lhal it has 
when moving with a speed c, and c is the velocity of light 
(3xi0*“ cin./s(‘c.) 

At ordinaiy s|)e(‘(ls this change in mass is so negligihlc 
that it cannot he detected. Take*, for exa nple, an artillery 
shell. As we know, it shoots out of the mn/;zle ol the gun 
with an initia! speed of 1,000 inolr(‘S per second At this 
speed ifs mass will change only hy 10”" of its original 
value. It is impossible to detect such an insignifjcaiil change 
iji mass. Even if the shell were ejecliMi at a speeil of 10,000 
m /sec., its mass would still he far too sjiiall to measure; 
it would amount only to a Ion-millionth of one per cent. 
However, for electrons (cathode rays) the speed of which 
reaches values of lO^-lO'® cm. / sec., the change in mass 
turns out to be of measurable magnitude. (Consequently, 
mass is not a constant value, indepeudeut of the velocity 
(the energy of motion); it docs depend on the? velocity and 
is obviously related in some way to energy. 

The theory of relativity establishi‘s this relation in a 
very definite manner. According to this theory, the relation 
between energy and mass is written as 

E—rnc^. ( 8 ) 

In this equation E is the ejiergy, /// the mass, and c the 
velocity of light. 

This'coniiedion between energy and mass remained a 
long tirm^ undidecled for the simple reason that the ener¬ 
gies dealt with theretofore were relatively small. Thus the 
mass connected with the thermal energy generated in the 
burning of a whole trainload of coal amounts to only about 
half a gram. According to equation (S) one calorie corre¬ 
sponds to a mass of 4.()7 X 10“" gram. Quite naturally, such 
a small mass could not be detected. 
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It was pr(‘(*isc‘ly lln‘ lad tlial t he oiiorfrios I lial wi* liavo 
for so loii^ heoii ac(‘iistonit‘<l to in (iiir “lcri*(‘slrial” praclico 
W(M*c very small, llial tho rf‘lal ioii hdwooii mass ami oiiorgy 
liad (‘S(*a|)(*(l ijiv(*sl iii|alors. A false impri'ssioii was cn'aled 
and slreii^^lheii(‘d llial mass ajid ejieifjy are independent 
valm's, and that I he jnass of a inovijif? body iloes not depend 
on its velocity. 

As onr acquaintance with jdienomojia occurring in atoms 
and atomic juiclei increases we moreand more come into con¬ 
tact with liigh s[)eeds and with em‘rgi(*s malerially gr(*at(u* 
Ilian llu)S(* enc(»untered in onr (‘veryday lile. Tor this r(‘a- 
son, wi? musl not for an inslaiil lorgiH ahonl the relation 
that exists helw(‘en mass and (‘iiergy. 

In the iighi of (h(‘se facts, the reason for tin* atomic 
wi'ighl of iielinm being less than I hi^ quadruple atomic 
weight of Jiydrogen is obvijnis. And this, si rid ly s|K‘aking, 
was to Jk^ (‘\p(‘ded because (‘vmylhing that we know about 
atomic nuclei is evidenci^ I hat it is exlreimdy diflicull to 
act on them. Atomic nuclei art* very stable systems. IMiere- 
fore, during their formation, a Inr^a quantihi of energy 
sliould he released. And I he mass ol the system (and with 
it lh(‘ atomic weiglil) should diminish perceptibly. The 
dillerence 

—A,1,-0.02800 

xvliich we found, therefore characterizes the building energy 
of the nuclei of helium, or, in other words, the binding 
energy of the particles that make n|) this nucleus. 

Is this energy great? 

Using equation (8) we iind that a mass of 0.02800 gram 
lost in the huilding of one grain-atom of helium corresponds 
to 0.2 ‘ 10" calories. If we wanterl to obtain this energy 
by burning coal w(* should have to burn live to si.v carloads 
ol llw best Donets anthracite in ord(‘r to reach the energy 
value released in the formation of one gram-atom (four 
grams) of helium. Hut does a helinm nucleus really consist 
ol four protons and tw^o electrons? 

We will soon give an e.\haustiv(‘ answer to this question, 
but for t he pr(*sent let us return to the problem of the mass 
of atomic nuclei and the .reparation of isotopes. 



The (levclopmoiit of methods of analysis of isotopic atom¬ 
ic weights made it possible, by weighing individual atoms, 
not only to show that the ordinary chemical elements are a 
mixture of isotopes of different atomic weight, but also 
to determine thisw^oightwith an accuracy that exceeded by 
far the ordinary methods of determinijig atomic weighls. 
Such precise knowledge of nuclear mass enable<l ns to detect 
and measure the mass a nucleus h)ses as a n^sull of the 
energy release during its formation. This diminution of 
mass characterizes the nucLenr binding rfirrffff. 'Fhe binding 
energy is a most important physical cliaract.cuistic of the 
nuchujs; this explains th(^ importance of more and more 
j)recisc measurements of the atomic weights of isotopes. 


Methods of Separating Isotopes 

Let us now examine the problem of the separation of 
isotopes. The discovery of isotopes of stable (non-radio¬ 
active) elements led to mimerous attempt s to separate them. 
We have already mentioned the diffusion method used by 
Aston to attain at least a partial separation of the isotopes 
of noon. And wo saw wliat labours it involved. The gas had to 
be driven through a clay barrier many dozens of limes. The 
process of distillation progresses slowly and the degree of 
onricliiiKMit is insignificajit. 

The diffusion method of separation was subsequently 
improved upon. Higb-vacuum pumps were used to create a 
highly evacuated space on one side of t he clay barrier, thus 
noticeably speeding up the diffusion process. On the other 
hand, pumps used to fe(‘d hack into tlu^ sysUun the im¬ 
poverished fraction. In t his way, the quantity of gas under¬ 
going separatioji did not dimiiiisli. In addition, special 
barriers with a considerably larger number of microaper- 
turcs than arc to be found in clay barriers began to be used 
for diffusion. And this also materially speeded up the diffu¬ 
sion process. 

The use of a largo number of pumps and special porous 
barriers as well as the creation of a coustautly operating 
apparatus improved cojiditions for the separation of iso¬ 
topes t.o such an extent that t wo fractions were obtained from 
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ordinary neon which, as it will ho recalled, contains 9.2 
per cent ol Ne“: a heavy traction with 27^ times as much 
No“ as Ne*® and a light, fraction with less than one per cent 
of No**. The (Jifference in the atomic weights of both frac¬ 
tions reached a Ireinejidous figure, 1.4. 

Another method of isotope separation that has been used 
recently with great success, is the method of tlu^rmal dillu- 
.sion. The phenomenon of thermal dillusion consists in this: 
if a constant dillerencc of temperature is established in a 
homogeneous mixture of two gases, theji due to the dillu¬ 
sion processes that arise, there takes place a separation of 
t.his mixture ijito layers, with one of the components f)re- 
dominant iji the cold seciion and the other in the hot. As 
to which of the components of the mixture will dominate the 
hot section, tlepends on the type of int eraction of the mole¬ 
cules. Usually, the h(*avy molecules arc more prevalent iji 
the cold sect ioji, whereas the light dominate t he hot section, 
though thcjre are mixtures that behave iji just the opposite 
way with In^avy inolecuh's in the majority in the hot section 
ami light ones in the cold. 1'his phenomenon was used to 
separate isotopes. 

Other phenomena that tlevelop as a funct ion of the speed 
of the molecules may also be used to si‘parate isoto])es. 
For this purpose, u.se may be iriadi*, of electrolysis, centri¬ 
fuging, the evaporation of molecules at low pn^ssure, etc. 

or course, it is also [)ossible to employ (b(5 method of 
magnet ic and electric deflection which is list'd to measure 
mass, 'this method is good in that it permits immediate 
separation of one isotope from another and not only increas¬ 
ing the concentration of one of the isotopes in the mix¬ 
ture. 

This method was used, for example, to separate the 
isotopes of lithium, potassium and uranium. But its ef(i- 
cieiicy was low. It took 24 hours to olitain one milligram 
of lithium, and three hours to obtain 1.8 micrograms of IJ®’*. 
The efiiciency limitation in the separation of isotopes was 
clue to the fact that the ion curn'iil. could not he made w.vy 
liig. When the density of the ions becomes large, repulsive 
forces between them b('gin to take effect perceptibly (it 
may he recalled that by Uoulomb’s law like chargeil particles 
repulse one another). The more ions there are in motion at 
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once, (hegreat(‘rnre (he forr(»sorre|)ulsioii dial arise* hel weon 
Ihein. The ioji paths are dislorted, and iJie isotope's eh) not 
separate. 

Jlecenl ly, however, met hods have heeji i'oiind to eliminate 
this detrimental innuence of iojis jeist ling e'aeh edheT. I'liis 
has enableel a very eflective separation of isohjpijs to he 
attaineMl hy magnetic anel electric eledleediejns. 

The difficnlty of ise)tope separation is elne to the fact that 
the relative diftereiu'e^ in the isotope massers is small. In 
the case of noon, for example, it is live per cent, of nrujiiuin, 
about one per cent. 

There is, howc^ver, one case in which the relative change 
in the mass of the isotopes proved exceedingly great. 
Jt was here, of course, that the lirst effective results were 
acliieved. 


Sc'paratlng the Isotopes of Hydrogen 

The history of this separation is instructive. Iji the system 
of atomic w'oights, that of oxygen is taken as lb. The atomic 
weight of hydrogeji differs from unity. Measurements carried 
out rather accurately by different work(‘rs give 1.00777 as 
the atomic weight of liydrogen. This figure does not coiji- 
cide with the ratio of the atomic weights of oxygen and hy¬ 
drogen as measured by Aston with the aid of the mass-spec- 
trogra[)h. 

It is preci.sely from A.ston’s fiinlings that it follow^s that 
the ratio of the atomic weight ol hydrogen to that of oxygen 
is such that if the weight of an atom of oxygen-sixteen is 
taken as 1(5 units, the weight of an atom of hydrogen will 
come to 1.0075(5. The difference lielw^een the two figures is 
slight, only in the fourth decimal place, still it is a real 
difference because it goes beyond the limits of experimental 
error, 

The discrepancy between these differimt methods of meas¬ 
uring one and the same value could arise only because the 
mt'thods were used to measure something that was not exactly 
the same. Indeed, Aston measured the ratio of the wx'ights 
of oxygen-16 to hydrogeii-1; wdiereas the chemists measure 
the ratio of the average atomic weights of oxygen and hy¬ 
drogen. True, it was believed that neither oxygen nor hy- 
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(Irogrji had iiiiy iso(i)|)os, or ratlicr llial each ol* Miom consist¬ 
ed only ol one isohj|K‘. Hnl what il this was not Iho case? 

VVi/at il both Hirsts isotopes or at least ojir of them con¬ 
tained an ndinixl ujv ol other isotopes, J)ut in exceedingly 
niinule quantities? 

JI is iin|)ossil)le lo deled the exislence of such isotopes, 
and hence it was jjoI j)ossihh‘ lo lake account of the influejicu 
exerted hy the presences ol this weak isotopes on tlie average 
atomic weight of the element. For this reasoJi, the discrep¬ 
ancy indicated al)o\(^ iudween the two measurements 
might he a cojis(‘qiience of minute (jiiaiitilies of admixtures 
of other unknown isotopes. 

And true enough, as early as 1921), the isotoj)os of oxygen 
of atomic weight 17 and 18 were discovered. As w'as expect¬ 
ed, the contind. of these i.solopes provecl exceediugly small. 
To every t(‘n thousand atoms of oxygen-1() there were four 
atoms of oxygen-17 and twenty atoms of oxygcn-18. 

llowevi r, the discovery of the isotopes of oxygen did not 
eliminate tJie foregoing discrepancy. If we take into account 
the actual isotopic coinposilioJi of oxygen and agree that 18 
is not its average atomic weight, but the weight of the iso¬ 
tope oxygen-l(), then the atomic weight of hydrogen will 
turn out 1.00799 and not 1.00777. The correction for the 
multi-isoto[)ic coin|)osition of oxygen proved small, and 
this Jiot oiily failed to improve lh<' situation, it made it 
worse, for on Astoji's lindings the atomic xveight of hydrogen 
even so w^as less than that from chemical (lata, and alter 
the correction it became still less. Taking note of this fact 
physicists decided that probably hydrogen itself was not 
a pure element but consisted of a mixture of two or a 
larger number of isotopes. Since the chemical atomic weight 
of hydrogen, which is an average atomic weight, provtjd 
gn^ater tJiaJi the atomic weight of hydrogeii-1, which was 
determined by Aston, it w'as to be expected that hydrogen 
w^as a mixture of h(‘avjor isotopes. If w-e assume that the 
discre|)ancy in the atomic wx^ights (the chemical weights 
and tlio.se measured hy Aston) is due to the presence of an 
isotope of hydrogen of mass two then to explain this dis¬ 
crepancy only 0.2 per cent of an admixture of the hydrogen 
isolope with the double atomic w'eigbt would be sufficient. 
Having established this, physicists set out in the search 





for lu*avy hyilroj^eu. The lirsl. mi?l.ho«l was I hat of evaporal- 
iiij^ hyilroj^eu at low |)ivssiire. 1'iiey first evaporaUid an 
a/)proc/ial)lo part of tlio hydro^eJi ainl siihjortod lo s/joctral 
iiivesligarJoii the residua, which was Lo ha oiirichod 

with IIk? heavy isotope of hydrogen (siiice th(i light is(jtope 
had evaporated to a greater extent). liesides lijies belonging 
to ordinary liydrogon, new lines were discovered which, 
according to calciilatioJis, W(?re those that hydrogen should 
emit if its mass were two and jiot one. 

It was thus proved that there really does exist a heavy 
isotope of hydrogen with an atomic weight of two. 

The heavy isotope of hydrogen suhsecjiiently received a 
special name, “denterinm.” To distingnisli the light isotope 
of hydrogen with its chemical symbol 11, deuterium is desig- 
jiaUid hy 1). In these symbols, the formula of heavy water 
(in tlie rnolecnh's of which both atoms of hydrogen are of 
the heavy variety) becomes D^O. The discovery of the heavy 
isotope of hydrogen played a big role in the study of the 
atomic nucleus. This role will be discussed in a later chap¬ 
ter. 

The discovery of deuterium was of no less importance in 
tJie study of the phenomenon of isotopy itself, for it was 
here that scientists first ejicoiiiitered a case wheji the mass 
of one isoto]K) is twice that of the other, and for this reason, 
the influence of mass on the developmojit of j)hysical phe¬ 
nomena should in the case of an isotope of hydrogen bo 
especially clear-cut. And true ejjough it was soon found 
that in electrolysis there takes place an extremely inten¬ 
sive enrichment with the heavy isotope of hydrogen. 

This iliscovery was ntilized by Lewis, lie siihjecl(*(.l acids 
to a prolonged and repeated electrolysis, and obtained sever¬ 
al grains of nearly pure heavy water. 

Heavy water <JifTers from light water in many of its 
jdiysical properties. Its molecular weight is 20 and not 
the 18 of ordinary water, and its density is greater than that 
of ordinary water, 1.11. Heavy water fn^ezes at 3.8Vi. and 
not at zero. It boils at 101 .^2°(]. instead of 10()°C. Ordinary 
wafer has a maximum density al again heavy water is 

differeiil., its maximuiii density is reached at The 

refractive index of light for heavy water is le.ss than for 
ordinary water. We see tlial many of the physical proper- 
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tics of hctivy wiilcr cTtc noticeably dilTcrcul from those of 
ordinary waicr. I'Jic sharpest divergence A\as noted iji I ho 
l)iolo^i(‘al ]>roperties of heavy and ordinary water. It was 
found Ihal in heavy winter seeds do not germinate, and mi¬ 
crobes, la(ipoles and fishes die. Apparejilly, the change iii 
tJie speed of the w-aler molecules which is duo to tiie allered 
mass of the molecules, changes so radically the Nineties 
of the vital j)roci‘sses that their normal course becomes im¬ 
possible. 

'J'he process of separating heavy ami light hydrogen has 
at present, been perfected to such a degree that it has become 
possible to ol)tain “pure” heavy water. The s})ectrum of the 
w'ater vapours does not at all exhibit, the lines of light hy¬ 
drogen. The only spectral lines visible are those of heavy 
hydrogen. 

The obtaining of heavy hydrogen played a big role in 
science. It letl to the formation of new divisions in biology, 
chemistry and physics and has contributed to the develop¬ 
ment of nuclear physics. 



Chapt€^r IV 

THE MSINTEGRATKW OF ATOMIC NI CLEI 


The year 1019 will always remain a mileslojie in the his¬ 
tory of science. In that year liulherforti first accomplished 
and observed I he artificial disinlegration of atomic nuclei. 
This discovery is not one of those accidental observations 
so common in the history of science. The whole line of develop¬ 
ment of our knowledge concerning atomic nuclei called lor 
thi^se experiments. 

Let us review briefly the state nuclear science had reached 
by 1919. 

The experiments of Rutherford and other workers had 
unquestionably established the existence of atomic nuclei 
and their role in the individual properties of atoms. 

Radioactivity, the identity established between alpha 
particles and the nuclei of helium atoms, t he transformation 
of radium into an emanation (radon), as well as a long series 
of other raelioactivc trausformatioJis showed clearly that 
atomic nuclei are complex formations and that a large num¬ 
ber of nuclei havc> t he same .struct ural elements. It might be 
expected, for (example, to find alpha [)articles in many nu¬ 
clei, for instance ill th(^ nuchal of iiraninm I, uraJiiurn II, 
ionium, raflium, radon, radium A, polonium, thorium, radio¬ 
thorium, thorium X, thorium emanation, protactinium, etc., 
for ill the process of radioactive decay all the.se substances 
emit alpha particles. 

Radioactive traiisforniatioiis showeil that the chemical 
elements are not eternal and immutable and that they are 
capable of mutual Iransiniitation. This could also serve aa 
a confirmation of the view that structurally the various atom¬ 
ic nuclei have many features in common. 

lOfJ 



Alul fmally Iho (lisrovi‘i*y of Iho si imuc of isotopes>vi111 
nloini(‘ \V(‘i^Hils tliat are inulliples of the atoinic w'eighl of 
Jiydro^eii was alinosl conclusive proof (hat all nuclei are 
huill lip of llie same elemenlary iinils, represeijilatives of 
which might he Ihe atomic nucleus of hydrogcui—the pi*o- 
ton—and the atoinic nucleus of helium, tlie alpha particle. 

They inighl be, but are they in r(‘alily? Do all the atomic 
nuclei actually have protons and alpha particl(\s? This ques¬ 
tion quite naturally was disturbing to scienlisls. 

J3ut how was one to penetrate into atomic nuclei and 
prove that Lh(\y have within them such particles as, lor 
example, protons? 

It seeuned that the vi^ry idea of probing the de|)ths of the 
atoinic nucleus was sheer fantastic dreaming since all ex¬ 
periments aiiiK'd at acting on nuclei even the' slightest bit 
(to say nothing of penetrating them) had ended in com¬ 
plete failure. 

Hut, as is often the case, reality surpassed by far the bold¬ 
est imagination. And means wa*re found that could act on 
nuclei. 


Aiiomsiloiis Scattering of Alpha. Particles 

We have already irieiiUoned tJiat Rutherford and his pupils 
made a thorough study of the scattering of alpha particles. 
The reader will recall that tlie.se wane tiie exjxnimenl.s that 
led to the discovery of atomic nuclei. 

'J'hey considered this pheiioineiioii (alplia-particb^ scatler- 
ing) to h(^ very inijiorlant and endeavoured to make as full 
a study of it as possible. More and more exporiiiieiits wa*re 
jierformed to verify the liulherford law. Among them were 
experiments aimed at a cumpari.son of the scattering of alpha 
particles at various angles hy light and heavy elements. 
And heretliey hit upon a surprising pheiiomenoii. It. apfieared 
that the scattering of alpha particles hy heavy Ldements pro¬ 
ceeds “normally,” as is requireil l>y the Rutherford law. 
Whereas (he scattering of alpha particles by light (ihnnents 
was “anomabnis.” The intensity distribution of alpha parti- 
ch*s S(‘atlcred iji dilbn’ent direct ions hy light elements provinl 
ditferent from what was to he ex])ected judging from 
Rutherford’s theory. 
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The Jialiiral qiJosLioii was: vvliy are alpha part.ich's scaf- 
L(;re(.l l»y liravy (‘lrm(‘ii(s as priMliclod l>y JUit liurlord \s l.hoory, 
and why doos this Jiot liold lor Lliu light cdcniRuits? The tIilTor 
ericc butwooji the heavy (demerits and the light oleinents is 
this. 

In heavy elements the charge ol' th(^ nucleus is greater. 
For cAainjile, the heavy elenunit lead has a nuclear charge 
of 82 units, ddie forces of repulsion In'tweeri such nuclei 
and th(^ alpha partich^s are e\c.(?edingly great and they 
force th(^ alphas out of their paths when I hey are relatively 
lar from thcj nucleus. The situation is dillercoit in the case 
of light elements. The nuclear charge of these elements is 
relatively small. Thus, for example, the charge of the nitro¬ 
gen nucleus is only seven units. The forceps that d(‘flect alpha 
particles from such nuclei will he considm*al)ly less than the 
forces acting J)el.W(»en an alpha particle and a lead nucleus. 
If su(‘h he the case, it might seem that the reason for the 
anomalous scatlering of alpha partichss hy light elemcmts lii'S 
in the fact that the alphas come too close to the nucleus and, 
mayhe, (jven jienetrate it. 

It was the possibility of an alpha particle penetrating 
the atomic nucleus that led Rutherford to try to use alpha 
panicles (miitted hy radioactive substances to split nuclei. 

Alpha |)articles lhal shoot out of atomic nuclei with tre- 
mendoiis speeds, and, hence, possess enormous kiiud ic energy 
(of the or(U‘r of nuclear ejiergies, so lo speak) might he these 
“|)r()jectili?s" that are capable of breaking through the “in ac¬ 
cessible armour” of normal nonradioactive atomic nuclei. 

To be more sure, Rutherford selected for these experiments 
the fastest alpha particles, those emitted by radium C/. 
They have a speed of 111,200 km./sec. Light elements were 
selected as the target of this devastating bombardment with 
alpha particles. 


llio DiKiiitegnilion of Nitrogen Nn(*lel 

Idle first substance with which Rutherford succeeded 
in achi(>ving positive results was nitrogen. 

The experimental part of these experiments was extra¬ 
ordinarily simple and ingenious. 
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Fig. 14 shows scheinalically Die ijistriiiiieiil used in Diivse 
ex pmmeuls. 

A radioactive d(*posit J’orniecJ l»y the decay proilucts ol 
radium was placed on a liny disc placed inside apparatus 
/* which was h/led with the gas uiiihr sliitly. Disc D with the 
radioactive pn‘cipitato s(U'ved as a source of alpha particles. 
The size of the apparatus and the pressure of the gas in it 
w(‘re sel(‘cUMl so that all the alpha particles including the 
fastest of them would be absorbed inside the gas and could 
not reach wall /? of the apparatus in which an opening S was 



luff. 14. Di.Mgi'aiii of Hullicrfonrs instrujiient for observing 
the disiiiU^gnilioii of atoniie nuclei. 


made, behind the opening was a scrim F made of zinc suJ- 
jihiile on which, as wo already know, there ari.se bright 
Hashes when individual alpha particles tall on i|.. Thew'indow 

was coveroil by a thin silver foil carefully pasted to the 
w\all ol the iiislruiiient to prevent any outside air from get¬ 
ting inside. The other end of the iiislrnment was closed by 
a cover C that Avas sealcMl with sjiecial pnlly that prevented 
any excliange between the outer air and the gas inside. Using 
two cocks A Ay one ol which connected tlie inslriiment. with 
a pump, and the other with a tank containing the gas, it was 
possible to evacuate the vessel and fill it vvith the gas t o he 
inve.stigated. 

rluon\s(*ence of screejj F was observed with a microscope 
M, All observalioii.s were iiaturally conducted in the dark. 




ullieiTonrs ol)stM'valions sIiowimI lliiil il vessel P is filled 
willi liil ro^eii, scivcmi F will clearly eAliihil Uri^hl sciiil ilia - 
lioas. As We poiiileil oiil a hove, ifie alpha particles could 
noi r(*ach llu^ sc‘re(‘ii and laaice, I hey could not h(* I he cause 
ol (In? scini illalions. Mayh(‘ some* oilier unkiiown particles 
cuiniiifjf' from Mie rndioncl ivr pr(‘clpi(al.e causeil I lie scini il¬ 
lal ions. 'I’o find out, Jtullierlord removed Ihe nitrogen Iroiu 
lh(* apparatus and refilaced il willi oxygen. In this case no 
sciniilialions al all were del.ecli‘d. 'I’he result was the same 
when carhoii dioxide was pul in. No scintillations were visi- 

I) le. Thus Mu* part icl(‘S that si nick Ihe screen in I h(‘ experi¬ 
ments with nilro^<*n and caused scini illal ions were connecl- 
ed not with the radioactive sourci! hut with jiilrofj;en. W'hen 
ijilroj>en is homhard(Ml with alfiha jiarliclt's tlieix? arise? some 
oilier particles tJiat are capable nl |)i(‘rcin^ 2 ^^ cm. of air. 

VVhal sort of parlich‘s arc? Ihi*)? 

To find out, Uuthiodord subjected them to tlie action of 
electric and magnetic fields, he measured tlK*ir charge and 
mass and found t hat t luxse particles were jirotons, Ihe atomic 
nuclei of hydrogen. 

Now where could protons hav(‘ app(‘ar(‘d from? Are l.h(‘y 

II) 1 the result of a chance admixluri‘ of hydrogen to the 
nitrog(‘n? Hutherlord immi*dialely began a s(‘rii‘s of (‘xptui- 
fiKuits that precluded this possibility comphdely. 

First nitrogen was purified chemically. Ilowever, no mat¬ 
ter how carelully nil rogmi was puritiiMl of hydrogen, the scin¬ 
tillations <‘ontinu(?d, and they continued with the same 
intensity. Hence, the protons that he detected could not 
result from certain alpha ])articles colliding with atoms of 
hydrogen that by chance were among tJiose of uitrog(ui, 
and communicating to them an energy sullici(*nt to give 
rise to protons of sucli high energy that tlu\Y were capable 
of producing scintillations upon impinging on a screen of 
zinc sulphid(*. If such l)e the explanation, then protons could 
arise onlt/ from inside ntomic nuclei of nitrogen. 

This was a startling discovery; in the l>ombardment of 
nitrogen by fast alpha |)articles, protons shoot out of the 
nitrog(Mi nuclei, ddie energy ol the protons could be computed 
Irom their range, and was found to be ap|)roximat(?ly six 
million electron-volts. If we recall t hat the greatest energy 
of alpha particles used to bombard uUrogcii (the alpha parti- 
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clr*s ()! ]{ci(’/) \v,Ms 7,700,000 ron-volls, it will he clear 
that 1,700,000 elecirnn volts was ex]»eii(Ied in kiioclvijig one 
]»rolon uul oJ a iiilro^eji Jiucleus. 


The Disintegration of Other Kleineiits 

Alter it iiad been lirinly estahlished that, alpha particles 
<]() actually kjiock protojis out oi‘ iiitroj^eii Jiiiclei, the now 
j)rohlein was to liiid out in what ideineiits alpha particles 
are capable ol doin^ the same thing. 

liutherloni subjecle<l to bombardment with alpha particles 
a large number ol dilTereiil siibstanc(‘s and soon found that 
j)roloiis appear also in certain other cases, namely, in the 
iiombardimuit ol boron, fluorijie, sodium, aliimijiium and 
])liosphorus. In all tJiese cases he observed the appearance 
ol protojis of range greater than that of tJie alpha particles 
])articipating in I he bombardment. I'he natural question 
was: do(?s not. liombardjuent of other elements l)y alpha par¬ 
ticles also give rise to prolojis, only of h*ss energy. It was 
jmj)ossilde to d(*l(‘ct such protons (‘veii if they (*xisled, be- 
<*ause tliis would re(iuire having the screiui so close that 
the alpha particles thein.’^ehi's would reach it; and it is not 
possilile to distinguish a flash produced l)y an alpha [)arlicle 
Iroin one j)roduced J)y a proton. 

To check and find out whether such “short-range’’ protons 
an* j)roduciM| requireil a new oli.'^ervatioii techni(|ue. A very 
simple way ptit was soon foujnl that made it possible to escape 
the difiiculties connected with the range relation between 
j)rotons and alpha particles. The screen was placed at the 
side so that it was oiT the path of the alphas. Hut protons 
emerging pc'rpendicularly to the direction of flight of the 
alpha particles could reacdi tlie .screen, ajid, hence, could bo 
detected by the scintillatioiis they caused. 

The jiew instrument of Hutheiiord and Chadwick designed 
for observing the detachment of protons in a direction per¬ 
pendicular to the flight of the alpha particles is shown in 
Fig. Jo. I n t his apparat us the .screen F made of zijic sulphide 
is placed iji such a way that the alpha j)artides emerging from 
plate !) cannot inipijjge on it. At the .same time, the protons 
emerging Ironi the substance under study attached to plate 
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G aihl siihjccl.iMl lo hoiiihiinlinciil hy parliclrs cniild 

roacli scrciMi /•’ willioiil inlcrlfiviirr and could cause sciiilil- 
IntioiKs. TIk; source ol alpha j)arl.iclcs ioj^^dher wi I lit he irra¬ 
diated plate could he moved inside the instrument, thus 
varyiii^^ the ilistanct? hetweeii tli(> irradiated object and the 
screen. Tliese inv(^sli8;atioiis showed that the disinlef^ratioii 



Fiff. li). The I'oillieilojd-Chadwirk apparaliis l'v)r ol)S(‘rviii'j niifd'ar 
iJisiiiLe^^ratioJi liy aJplia particles apjilyiiig (he riirliL angle Jiielliod. 

of nuclei (the detachment oF protons) also takes place in a 
number ol other elements. Neon, magnesium, silicon, sul¬ 
phur, chlorine, argon and potassium likewise were Found io 
disintegrate. At tlie same I ime, nodisintogral ion was <letect- 
ed in any elemmit. beyond potas.sium in tin' J‘eriodic Table. 
However, there w(u-e still some elements lighter t han potas¬ 
sium that did nol (lisintegralt‘. Ileliujii, lilliiurn, beryllium, 
carbon and oxygen provi‘d to be stable ehnuents that would 
not disintegrate. 

The destruction oF nuclei by alpha particles is an (‘xlraor- 
dinarily rare process, in the bombardment oF aluminium, 








P(*v(‘n to (‘i^hl pinions aiv oIisitvcmI pm* inillioii lionilianlinq: 
aljilia |)arlicli*s willi a ranj^c ol 7 riii. 

W ilh incroasr in alniuic tin* proLahility ol niu li'r.r 

disinlc^ralion (rnirmisln‘S. Tliis, incidinilally, is rallior nat¬ 
ural, since* wilh iJio increase iji atomic miinher llu* nuclear 
< Jiaru‘e also incr(*asi‘s, and willi it. Ilie loict*s ol ri*pulsion he- 
Iween I In* alpha parlicleand I he nnclens ol Mu* elernenl under 
iM)mhardin(*nt. I n approach! n^ a niici(*ns, 1 lu^ alpha jiariido 
is lorci'il to spend so much eiu‘ri*v I hal il hasn'l enon?:»h l(*lt 
to disiod^‘(* a proton Irom t lu* nucleus. Obviously, il tin* nu¬ 
cleus has a larfJi* enough charge thi* alpha [larlicle may jiot 
ev(‘n have enough (‘luo’^y to approach it. 'I'his is apparently 
tiu* reason why Kutherlord did not succ(‘(‘d in observing* the 
disintegration oi 1 ‘lemeiits heavier than potassium. 

VVdiat actually happens to an alpha particle when a nucleus 
splits? 

Riilherfonrs experiments that established the disintegra¬ 
tion of nuclei by alj)ha particles enabh* us to oliserve only a 
part of tin* picture. In tliese experiments only the behaviour 
ol the proton can be lollow(‘d. The fate of the residual nucleus 
and ol the aljiha jiarticle itself reinaineil unknown. 

l{luckett*s Experiments 

For a long time Hlackelt sludi(‘d the tracks of alpha parli- 
cli*s ill a Wil.M)!! cloud chamber, lie was right in thinking 
that the phenonn*non of disintegration of an atomic nucleus 
should be ch*arly visible in such a chamber. The ai)|U‘arance 
ol protons might lu* del(*ct(*d becaii.se their rangi* is greater 
than that ol an alpha particle and als(» b(‘causi‘ their iimiz- 
ing |)o\ver is less than that, of alpha particles: and hence, 
tJiey create f(‘W(*r ions abuig tlu*ir paths. For this r(*asoii, 
less log will condense in th(* waki* ol a proli)n in the clianiber 
than in the path of an alpha particle. 'J'lii* ])hotographs 
made with a cloud chamber will (*.\hibit jiroton tracks that 
an* Miiuiier than tho.se ol alpha ])articles. 

I'he probl(‘m pf)sed by lilackett proved an exci*edingly 
difficult one. Recall that the process of disintegration of a 
nucdeiis is a very rare event. Oiii! theri*lore has to photograph 
ibe tracks of tens and even hundreds ol tliousaJids ol alpha 
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|iarl ir.li's Ix'lon^ on I hr linppy rv(‘nl ol' mirlr.'ir disin- 

U'^ralion. Jl is iiiipossihir to obtain a iar^r nuinhrr ot* (racks 
on one j>hotograpli since it will Uirn he dillicult to analyze 
iJir ])icl nr(» ol)S(‘rv(nl. l1io avri*aj^(M*apacity ol one phot o^^raph 
was ahonl t wenty alpha-particle t racks. To d(Mlnc(‘ soinet hijiy 
al)ont iJie character ot t he traiisl'orniations taking place with 
atomic Jinch'i, IJiackett. had to niak(^ over twinily tliousand 
clond-chamher photo^n*a[)hs. Such work r(^(|uired some refine¬ 
ment in the f)rocess. hlackett and (dja«i\vick siicc(‘eded in 
jnakiii”- tin* process automatic with photographs taken I'very 
10 to IT) seconds: ordy at a speed likt* t hat could twenly-t hrei^ 
lliuusand photof^raphs he tak(ni in a reasonahle ])erjod of 
lime. It should he pointed out that the photo^raphic proces.s 
w-as so orgajjized as to have tw-o simultaneous photographs of 
the chamber made ])erpemJicular to each other. In this way 
it was possible to have tw^oprojections ol the paths of parti¬ 
cles and to determine the mutual position oi their paths iji 
space. 

The chainb(*r was iilled w^ith nitrogen, which was select¬ 
ed as it has the greatest probability of nuclear disijitegralion. 

Among the photographs taken hy lUackett there W(u’e an 
appreciable iiumiMM* that ended in “forks.” TJiey were pre¬ 
cisely what interested the inv(\stigalor. 

What d(H‘S a “iork” signify? It show^s that from a certain 
point we fio long(*r have one track hut two (hat belong to 
I wo dilTereiit particles. Such forks are sJiowni iu Ihc^ photo- 
graphs given in Figs. XII and XIII (seeAppendix). From a 
careful analysis of tln‘se forks, Illackett cojicluded that they 
indicate collision processes of alpha particles and nuclei 
that occur at the apex of the fork. As a result of collision, 
the alj)lia parlich* deviates from its original direction ami 
translers a suhstaiitial part of its energy to t he nucleus with 
which it collided. The nucleus endowcMl w^ith great energy 
from the impact with the alpha j)arlicle hi*gins to move at 
a high speed and iojiizes the molecules it. encounters. Since 
tlie cliarge and the mass of the nucleus is usually greater than 
that of the alpha particle, the ionization |>rodiiced by (lie 
miclens is imicli greatiT. Idierefon*, (In? track of the nucleus 
is shorter and thicker than the tracks of alpha particle's. 

And so a fork consists of two tracks, one that of an alpha 
particle, the other that of a nucleus interacling with the 
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alpha j)arl iclo. llowovtvr, iji examining I he t racks left by 
al])ha particles in a cloud chamluT Jilled with nitrogen, 
Blackett noticed forks of a different type. These iorks are 
shown in Figs. XIV and XV in the Appendix. When these 
phologra])hs were vieweil in a stereoscope, the picture of what 
had happened was ch^ar. 'Fhe thick track of the alpha particle 
(Fig. XIV) (‘Jids in a fork, that is, two tracks emanating 
Jrom oiK^ ])oinl, long before the alpha partich^ reaches the 
end of its range. X(‘ilher of the tracks of the fork resemble 
the tracks of alfdia particles. The much thinner one that ends 
in (he wall of the chamber is doubtless that of a proton, and 
the other, the short one, which is much thicker than that of 
th(* alpha particle, most be attributed to the niicl(*us itself. 
Where is I he track of the alpha particle? There isn't any. The 
alpha ])articie got sluck in the nitrogeji nucleus. 


Nitrogen Converted Into Oxygen 

From among all the twenty-three thousand photographs, 
Blackett found eight forks indicating tln^ disintegration of 
nitrogen nuclei. In all the eight acts of nuclear disintegra¬ 
tion recorded in this way, the track of the alpha particle 
ends at the point of formation of the fork, that is, in all these 
cases the alpha particle that penetrates the nitrogen nucleus 
remains there. Not a single case was registered when an alpha 
particle causing nuclear disintegration of nitrogen rebounded 
Irom the nucleus and cojitijiued on its way even in a diflorcnt 
direction. 

The r(.*sult of these observations gives grounds for conclud¬ 
ing that what Hutherford observed was nol., properly speak¬ 
ing, the disintegration of a nucleus. Rather it was a trans¬ 
mutation of the nucleus due to an alpha ])article entering 
the nucleus of hydrogen, because her(?in is lorme*! a luiw, 
lieavier, and conse(|uently, more complex Jiucleus with a 
larger atomic number. 

Indeed, the ma.ss of the nitrogen nucleus is 14, the atomic 
number, and hence the nuclear charge is 7. How docs this 
nucleus change when struck by an alpha particle? The mass 
number of an alpha ])article is lour units, I he charge -two. 
Therolore the system being formed will now have a mass 
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nnml)(‘P of IR and a charge of H nnils. Tliis, however, would 
be the case if a proton had not Ihhmi ejected iroiu the nucleus. 
Due to the loss of a j)rotoii the mass iiuuiher of llie. system 
diminishes by unity, as does also the charge. 

To summarize, the jiitrogeii nucleus resulting Irom the 
capture of ah alpha particle and the loss of one proton con¬ 
verts into a new iiiichms of charge 8 units and mass number 
17. The charge ol* 8 corresponds to an atomic riumbiT of 8. 
liut the eighth place in the Periodic Table is occupied by 
oxygen. Thus, as a result of an alpha particle entering a nu¬ 
cleus of nitrogen there is formed the is(itoi)e “oxygen-seven¬ 
teen” with simultaneous ejection of a ])rot()n. What we have 
described here in words may be written in th(» form of a for¬ 
mula similar to those used in writing chemical reactions. 
To do this, we must agree to how we shall designate the differ¬ 
ent nuclei. 

Let us agree to denote the. nuclei by the chemical symbol 
of the re<^pective element with two jiumbers. One, the super- 
scrij)t, denotes the integral value of the atomic weight--the 
mass number, and the other, the subscript, the atomic num¬ 
ber. Thus, for example, ,Li* denotes a nucleus of a lithium 
isotope of mass nunil)er 0. Lising this notation, the translor- 
mation of a nitrogen nucleus is written ns follows: 

Here N, He, (), It are the chemical symbols of the elements 
of nitrogen, helium (alpha particles), oxygen and hydrogen 
(proton). By analogy with chemical iranslormalions, nuclear 
Iransformalions arc often called nuclear reactions. The above 
equation is therefore a nuclear reaction of “nitrogeii-fourteeir 
w^ith “helium-four.” In this reaction, nitrogen converts into 
oxygen. 

Blackett could prove by another method the validity 
of the conclusion concerning the transformation of nitrogen 
into oxygen. Since the photographs were stereoscopic, the 
angles formed by the trajectories of particles participating 
ill the transmutations could he measured. Knowing these 
angles and also the initial speed of the alpha particle and the 
speed of the proton, one could calculate the mass of the newly 
formed nucleus by applying the law\s of the conservation of 
energy and momentum. According to ^Blackett's measure- 
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PMMils l li(‘ m.'iss f)!* I lie lle^v jniclcMis rarno oiil 17 iniiis, w liirli 
conliriiMMl I hr (MUit lnsinn drawn earlier. 

'I’o llie ahovi' r(‘asoirmo’ he add(*d oik' more aiyumeiit 

ill lavoiir o) I h(^ Inre^oiii^ liielnre oi' lii(‘ 1 raiislormatioii oF 
a uilro^cii luieleiis. 'I'o do I his, we shall liavi* lo do a sort 
ol “iiu(*K*ar aeeoiiiil i nm/' I he striJving ol the .‘^c-called energy 
halaii((\^ 

As lullows Irom nieasureineiils ol llu* raiijy(\K ol' ai(dia 
parlieles and prolniis, 1 Ik* lalU*r Jiavc? an (‘ner^y 1.7 inillioji 
eli‘( l roll-volts less 1 haii I hal ol an al|dia pari icde. Lei ns exam¬ 
ine more closely llii* eiieri^y halaiai* ol this unclear Irans- 
lorinalioii. Prior lo impact, the enerjiv ol tin* whole system 
under consid(‘ralioii consisted ol tiirei* |)arts: 

1 ) the (oier^y within tla^ nitro^(*n nucleus ol mass J'ourleen 

at rest. Kr<mi expiation (S) this energy is equal to the nn- 
cl(‘ar mass mult iplie*! hy tin* sijiiari* id I he spi*i*il ol liglit. 

2) the eiK'i'uy willjin the lK‘lium jiiicleiis ol mass four (al¬ 
pha particle) at rest. Tliis energy equals m/®, where is 
the nia.ss ol an alpha jiarticle. 

2) the kinetic energy of tin* alpha parlicl(> \\\. 

.\lt(U‘ llu^ collision and alter a new Jiucleus has lornn'd, the 
lull eiK'rgy will consist of four parts: 

1) the rest eii(‘rgy of a micleiis of an isotope* of oxygen of 
mass 17: 

2) the energy ol a nuclens of hydrog(‘ji (proton): 

3) the kinetii' energy ol a prolem It and, linally, 

A) the kijielic energy of an oxygen Jiucleus tVo,,. 

Accordijig to the* law of the* con.*^ervation i)f energy, the 

total energy iji all t raiislorinat iojis iloes not change. There 
will he the .same* amount of energy aft(‘r the collision as he- 
iore. This stalement may he written int Ik* form of an equality: 

I-1 -w,,-f////,• i l1-VV(. 

According to thi^ m(‘asurements (d Itlacketl, the di(Terence 
betweeji tJie kinetic. (*nergy of the alpha |)arlicle ami the 
particles formed alter capture is equal to 1.2 million elec¬ 
tron-volts, that is, 

o,) —1.2x10“ electron-volts. 

This means that the sum of the masses ol the oxygen-seven¬ 
teen nucleus ajjd the jirolon should he greater than the sum 
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of t.ho iiiMSSOS of llio nlplia pjirliflo nml tln^ iiilro^cii iuicIimis 
l)y a qiiaiilil y I hal (‘oi ivspoiiils lo 1.2 ruillioii r(>ji-Vf)lls. 

Since t h(^ precise* values ()l I In* niass(‘s nl ! li(*si*atoins are kii(»\vn 
it is i*asy to check this si at (*itieiit. We have only lo translate 
lliis eiK'r^y eliIT(*renc(‘ into units ol mass. From (*(piation (S), 
one million (^li*ctroM-volls correspomls to 1.07X10“® units 
ol' atomic \veij.(ht.. It is easy lo sei* that 1.2 million elect ron- 
volts is the eipiivalent ol' 1.2tS: : 1()“® units ol atomic ^veit^ht. 

Hence, \v(i shouhl 

11.0 -1X 

Jn this r(*lation, the masses ol the respective atoms are 
taken in jilace ol' the nuclear masses. 'I'his is p(*rmissihle, 
t hough I he mass of an atom, ami h(*Jici‘ also the at omic weiglit, 
elilYer I'lom the nuclear mass hy a quantity equal lo Hu* mass 
of all the extra-nuclear (‘h‘ctrons. 1 he attiins of /J'' + 
tak(*n together contain nijie electrons, Inil. so do the atoms 
of and olle'^; what \v(^ did Ilu*!! was add and sulitract the 
saim* miinher. Krom the table of atomic weiglits of isotopes 
(see p. 99) we liiid lliat 

^vi ^ 1.00813, 
yin,.- 4.00389, 

.4n^.,:--14.007:)3, 

.4 17.00400. 

From these data we obtain 

(-lo.Xr .4n) — (-lN.. + /t„o) -1-24x10"®. 

The obvious conclusion is that both ligures, one of which 
is obtained from the atomic weights, and the other froiri 
rneasuremenis of ranges are in excellent agre(*inent. 

When a nucleus of nitrogen-14 is transformed into an oxy- 
gcni-17 nucleus, Irec* kinetic energy disappears, llw sum of 
the kinetic* eiuu'gies of the proton and llie oxygen jiucleus is 
1.2 million electron-volts less than the kinetic energy of an 
al])lia partich*. Is kinetic energy always lost in nuclear trans- 
i'ormat ions? The aii.swer is no. And what is more, in some 
ca.ses there may even be a gain in kinetic energy. 1 ii this re¬ 
spect., of interest is a traiisforrnalion iiivolving an aluminium 
nucleus. When aluminium is hoiiiLiarded with al|>ha jiarli- 
cles from radium C' which have* a range of 9.9 cm. and an 



oiiorp^y of 7.7 million oloci ron-volls, protons are ('jcrtc'd with 
a rango of IK) cm., which corrcspoinis to a kijictic energy of 
10.7 million electroii-volIs. 

The transformation of aliiminiiiin (if an alpha particle 
is captured hy its niicleiis) should proceed according to the 
following scheme 


that is, from an alnminiiim-27 nnclens there is formed a 
nnclens of au isotope of silicon of mass mimher 30. I'lie 
energy halaiico of t InH ransforrnatioii of t Ik^ aluminium nu¬ 
cleus can again he v(‘rifitMl Irom the valu(‘s of llie masses. 
As in th(^ prece<ling case, we have 


Thus 




'n-0^v+”'sij 




The table of atomic weights of isotopes gives 


A Si,.. -20.9821)0 \ 

Au :::-l.()l)cS13 ) 

Aai„-2().91)()()0 \ 
Auc --/j.00380 I 


30,00103, 

30.004r>5 


that is, the sum of th(^ atomic weights of aluminium and 
the alpha particle is greaUn* hy 3.32x10“'^ units of atomic 
weight t han tlui sum of t he atomic w(;ights of silicon and 
liydrogen. Hut 3.32 x 10“* units of at omic weight is the equiv¬ 
alent of 3.3 iQilliuu electron-volts. I5y measuring the ranges 
of the proton and the silicon nuchMis it is possible to (le- 
termine their energy. It was found that — (11^^ + VVy.) 

equals thriH* million electron-volts. If account is taken of 
till! errors in measuring the kinetic energy of the particles, 
as well as the errors in determining the mass of silicon and 
aluminium (the mass of aluminium is determined with an 
accuracy that does not exceed four units of the fourth deci¬ 
mal point, which corresponds to an energy of 400,OOO elec¬ 
tron-volts), it will he evident I hat I In* d ilTiM’once in both num¬ 
bers lies wit hin the limits of precision of mass measurements. 



'I’Jk* roiicliision Id he dr.-iwii 1 niui I his n'astmi ijs oxccoil- 
iiigly iniporlaiil.. WIkui atiuniiiiinn is cn/ivrrLrd inlo sill- 
con, enrrgff is rfdrascfl, and a rcrif considerable qua at it if of 
energff -seren hnndred ihousand times greater Ilian Ilia I 
obtained in the burning of an equivalent amount of carbon. 

'J'his lrc‘moii(ir)us gain in initMgy naturally brings up Iho 
qiiostiniL of its practic al ul ilizal ion. It is not dil licult, how¬ 
ever, to sc*e that iJicne is no prcjfit tcj 1)(^ Inul in getting 
eni^rgy tliis way. llec-all that oncj eonvension ol‘ a nuclcujs 
of aluminium takes place per 12o,0()0 alpha |)articl(!S. Thc^ 
(Miergy of each alpha particle is 7.7 million electron-volts. 
Ill order to gain an energy of three* million cdectron-volts 
(the transformation ol* on(^ nnchnis of aluminium) we must 
(‘.xpeiid 7.7x120x10® million eh*ctron-voHs uselessly. This 
is cIcNirly not ]n*olitahh‘. 

IIul heilord's discovery of nuclear I ransformal ions had 
jKjt yet jdaced at I he <lispo.sal of man I he possibilities of using 
alomic- energy. IJiit th(‘se ex peri mcuil s, nevertht‘less, were 
I he foreriinneis. Th(‘y indic-ated the 1 ujidaniental |»o.ssibility 
of artificial lih(‘ra!ion ofenengy lr»nn'‘thi* nuclear si orehouse,” 
and from iJiat lijne on .scic'iitisls iiijver gave up this hof)e. 


Why Dnirt. All Eleiiieiiis Disiiilegrale Viider 
the* Action of Alpha. rartlcL<*s^ 

We have already noted tliat in llutherford’s lirst exp(*ri- 
menls, when I he mei hod of olisc'rval ion made it possible 
to note; only fast j)rolons with a range greater than the 
range of the bombarding alpha particles, only the nuclear 
disintegration of nitrogen, boron, lluoriiu*, sodium, alumini¬ 
um and phcjs])horus could be observetl. However, when the ob¬ 
servation technique was changed so that lower-energy pro¬ 
tons could 1)0 watched, a number of other nuclei —neon, mag¬ 
nesium, silicon, sulphur,chlorine, argon and potassiuni—were 
found to disintc'grale. We have already given the ri‘asons 
why elemenl-s heavicu* than potassium do not split: the forces 
of repulsion betw'caui alpha particles • and nuclei wdth a big 
charge are such that the alpha ])article cannot come close 
enough to the nucleus if its kinc*tic energy is insuliicieut 



lor it to ilo ll»(‘ work rtMjdinMl in ovinroniiIlio rcpulsivo 

ioiTOs. 

Milt M III liiTlonl WMS iiiiahlr hi split not only hefivy niirici 
lint oven the \erv lie’ll! ones like Jieliuin, earlion and oxygen. 
Why were they so stalileV Mayhe hirausi'thi‘si* nueh‘i are in 
gen(‘ral indi‘Sl met ilile and ar(^ simple striietiires, or may he 
they are tin* same type ol complex strnetiires as other nnelei 
only more strongly hound together? It is not dillienit to de¬ 
cide which til t hese assumjitions is corr(*ct lor since we know 
the mass ol' thi'se nnch‘i we are therelon* aide to determine 
tin? himling energy, which, as we have shown, is the meas¬ 
ure orslahilily ol jnicli‘i. However, we are aide to determine 
the energy reipiinMl lor a nucleus that has captnri‘d an aljiha 
fiarticle to ej(‘ct a proton, without resorting to t his calcnla- 
t ion. 

My way ol iIlnsI rat ion, Jel^ ns(‘xamin(‘ thi‘ transl'ormat ion 
ol h(dinm. What should lorm trom this t ransiormation 
is easily seen in thi‘ Tollowing scheme: 

Jl(‘^ ; Jle^ ,ll‘. 

In lini‘ with this scheme, the eningy halaiici' should be 
written llins: 

2///iic'*“ i 11 j.i -I li^n. 

In 'ralih* \' we lind the atomic w(‘ights ami, hinice, also 
till* masses ol the atoms in ijnestion: 

.1 ^.iitast;, 

Hi.i --T.OlSHi, 

. 1 ,, - 1 . 008 : 12 . 

The mass dilTereiice (///n ! wlu ) — 2///nc ~ 0.01827: the 
eningy eipiivalent to this mass dinVrenci* is 17.2 million 
^‘lect roll volts. Hence, the sum ol’ t he kinetic en(;rgi(‘s ot 
I'he proton and the iK'wly I’orimMl rilhinm nucleus must he 
less than the kinetic energy of the alpha partich^ by just 
this value. MuL lhi‘ alpha |iartich‘S usimI in Muthmlord's 
(‘xperim(‘Jils had energies ol’ only 7.7 million idectron- 
volts. it is clear that, such an alpha |)article couhl not have 
knocki'd out a proton I'vmi it it had pimid rat.i‘d int o t he heli¬ 
um nuchms. The alpha particles haven’t suliicient energy to 
accomplish the above translormation scheme ot helium into 



iitliiiiiii. fr Kul licrtOrd Juul had al his dis|)(.)sal alpha paiti- 
(‘h\s witli kijudir ^rral (m* than 17.r> tijiliioii rnii- 

\(dls, he would prohahlx Jjavt^ siicc t‘(‘ded i ii splittinu' IIk^ Ik;- 
liiiin iiiK'leiis and also t lu' jjindei ol ( arhon and o.xyj^eii, he- 
canse t he lallei- reitiiire lor lht‘ir iitn leai' disiiit('^ral ion an 
energy less than thal lor the t ranslornial i«»n ol' a heliiun mi- 
eleus. Hut Unlherlord did nol possess such hiyh-ener^y al[)ha 
pirlich's and his i*\perinieiits with these* i*h‘im*nls wen* a 
lai lure. 

So irinch tor J{ul ln‘rl ord’s (*xp(‘ri jn(*iil s in the rlisi nl(‘^ra- 
lion ol atoini(‘ niicl(*i. 'I'he principal n‘sntts oblaiiu'd in t lu'se 
c^x periinenls may hc^ lorniiilaled as lollows: 

1. It is shown thal atomic nuc|(*i an* comph'X si land iin‘S. 
1'Ji(‘y an* capalde ol' caplnrim^ alpha parlitdes (h(*lium jiu- 
clei).A plot on (hydrogen inndens) may he kno(‘k(*d out ol them. 

2: riie artificial transmutation oJ e‘h*im‘nts is jiossihle. 
Jila(‘k(*lt pr»)vc*d, I or exain|d(*, t hat nit roy(*n nnch*i liomlnird- 
ed hy alpha particles an* translorincd into oxyjL>:(*n nuch*i. 
llow(^v<*r, this t lansformal ion is possihh* only dm? to the 
action ol suliiciently last particles. I'he en(*rj 4 ‘y n*(iuired lor 
this reaction comes to S(*veral million i*h*cl ron-volf s. 

2. ( Certain nuclear t riuistormat ions are accompani(Ml hy 
re'lease ol energy', i. e*., the kiiK*tic i‘nergy of the nuclei 
n*sultiii^ i'rom t lie t ranstormat ion is greater t han the c'lier^y 
ol the alpha particle tliat brought about I Ins translormat ion. 

4. 'The nuch*i ot' the elements are not all ol equal stability. 
Sojiio nuclei are so stable that I ln*y' ile) not undergo disintc?- 
^ration (*ven by th(? i*ner^etic. alpha partii leswhich Uutlnu*- 
iord used. iNol several millioiisol electron volts, but ten and 
even twenty million electron-volts are requin*d lor tJiis trails- 
I'ormalion. 


Tlie Discovery of the Neutron 

"rin? decade that lollowed it ill h('rl Ord s exp(*rimenls in 
nuclear disintegration was relatively quiet. Laboratories 
wen* engage«l in the study ol the atomic nuchnis. I'hc? nuclei 
ot dilT(u*ent. substances wi*re bombarded with aliilia partich*s. 
Various d(*tails in the proc(*sses ol nuch*ar I ranslormations, 
t he scatli'i-ing ol altdia particles, etc., w(*re I lu* subject 
of invi*stigation and study. I>nl this resi*arcli did not locus 
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upon ilsoir Uk^ ancnliim uf l>n»atJ scifiiliJic ciirli'S. Tlii> 
ivi^ulls <»l>laiiKMl l»v JilToivjiL w^rkiMS wure ilisi-iiSKiMl ( Jiiefly 
among I ho spot iaiists unt il Jijially in 1U!:^2 a jk‘\v and romark- 
ahio dis(‘ov(M*v was Jiiadc, Iho liisloiy ol whic h is this. 

Jinl horlord and otJior invosi igalors stndyijig nncJi'ar 
traiisiomialioii rt'gislorod thi^ Iranslormalioji ol a iincJons 
l»y tlio ap])(‘arajKo ol a [)rol()Ji. 

As Jias airvady hc*i*n poinlcMl onl, alj)ha |>arli( lc's omitlod 
by radium aro Jiol c*(nii]u*loiil ol producing in all olomonls 
iiiicloar I rajislorrnal ions acconipajiiod by Iho (‘jcHil ioii of 
j»ro!ons. AV’o know, lor cvxainplo, that alj)ha parliclosol coji- 
sidorably gn'al(*r oiiorgic's aro rocpiirod to t‘jocl. protons irom 
holinm nncloi, and lor this roasoii, ovoji wlnni aji alpha ])arli- 
clo ol radium (! ponc'tratosa holinm iinclons, a proloJi cannot 
shoot out ol t lio Iinclons. JSnl it was not easy to snp])oso 

tiiat altcvr t ho lineIc'iis Jiad cafitnrcMi an alpha ]>arliclo nothing 
would Jiappc'ii. Kallior it might bo snpposcal that the* miclons 
u'oulfl UHiivrgn some* sort ol ot lior t raiislormat ion tJial is not 
accompanioil hy the ojocl ic.n of a proton. If such nncloar trans¬ 
formations act nail v did occur tlioy wonbi havii gone nnno- 
licod with the mol hods of observation hscmI by linlhc'rford an.I 
Jiis collaliorators. And so Jb>tJic^ ajid Jh‘ckor niidi‘rtook to 
Jind onl whothor in the* bombardm(*nt of nncloi by alpha 
particles thc‘ro doos not appear somothing, in addition to t lii.^ 
alroady obsin*\(*d fU'otojis, whicJi might not be* obsoivalilo 
with a scroc‘ii of zinc sniphido. SncJi a scroon does not, for 
(\vamplc*, onaldo ono to obscn-vc* either oloctrojis or gamma 
rays. Ibit maybe tht*so part icJ(*s are produced iji the bombard- 
irioiit of various snhslajicc'S by alpha partieJos? 

Jn princi))lo, thc> Jh)thi?-Jh»ck(n* c*\j)(n*inu*nts w(>ro simple 
in the* oxlromc*. I)iagrammat icaJly t h(*y are sJiown in Fig. 113. 
A plate made of llu^ substance to ho inv(\st igal(‘d was placed 
close to the* source of alpha particles- a silvi*r jilate A' with 
poloJiinm dojiosilcil on it. Any radiation (electrons or gamma 
rays) that might ajipoar in the* plate M could be registered 
with a (ioiger-iVliillor counter. To make? ])ossihle a study of 
the propc*ities ol radiation, if such apj)(*arod, h^ad lilters 
]M) in tlio lorm of plates r)l various thickiiesses were intcr- 
jiosod h(dvv('(‘n the counter G and the plate under study 71/. 
'riiough iirdoninm emits alpha particle's of (*n(*rgy less than 
those Irom radinin i'J (I lie energy of alpha jiarticles (*iiiitted 



by polonium is ,^>.25 million olcclmn-volls, wliilo (lio ran^o 
is .‘>.72 cm.), il was soIocUmI as a sonn-o oi' alpha particles 
becanse it does not emit either beta or ^^amma rays. 'Phe de¬ 
sire to Jiave only a beajii ol alpha f)aitii les was what iinlured 
IJothe to choose tJie alpha rays ol* pohiniuni lor bombard¬ 
ment. 

The result oF these simple (‘xperimenis pioved extremely 
interestijig: it was found that wlieii c(‘rtain substances (bu- 
ryUium, lithium, boron) are irra¬ 
diated there appear some sort of 
rays which ar(‘ capable of produc¬ 
ing discharges in a (ieiger Miiller 
counter. 1'he number of lluse dis¬ 
charges for various elements dilTered. 

I'he biggest elTect was noted in 
the irradiation of beryllium, which 
was one of the elemenis that Jiulh- 
erford and (Iliadwick liad not suc- 
c(^eded in disintegral ing. 

1’he “beryllium radiation,” as we 
shall now call it, proved to bc! v(‘ry 
penetrating. In traversing a 2-cm. 
layer of lead the intensity of radia¬ 
tion decreased by oidy Klpercenl. 

A penetrating radiation of I his calibre was not ikjw' t o phys¬ 
icists. 'Jdiey already knew that gamma rays are alile to pen¬ 
etrate considerable thicknes.ses of dilTerent substances, in- 
clndiiig leatl, with but a comparatividy slight atli'iiuation of 
intensity. Therefore, when Hotho and Becker cojicliidetl 
that the radiation from beryllium during bombanlraent with 
alpha rays was nothing other than gamma rays, this seemed 
very likely. 

And it did not seern difficult to guess wdiere this radiation 
could originate. 

Already from Rutherford’s experiments it wms clear that 
alpha particles of sufficiently liigli eian-gy might penetrate 
into the nuclei of light elements. This should naturally 
result in a nuclear transformation. For example, a nucleus 
of beryllium of mass 9 and charge should, aller the caj)- 
turc of an alpha particle, conv(*rt into a nucleus of mass 13 
ami charge 6. 
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15ul a MinlcMis ()l‘ cliarm* T) if; llio inirl(*us of an atom of an 
I'lonuMil which occupies t he sixth place in I h(‘ l^u'iodic TaJih^. 
Jt is carbon, rinis we coni(‘ lo the conclusion that in the cap¬ 
ture of an alpha jiaiiicle by a berylliuju nucleus there is 
iornicMl a jiucleus «>! an isotope* ol carlion o) mass l.‘>. 

Jlo\vevt‘r, il may be expecIcMl that the jiewly lormed nu¬ 
cleus carbon-l H will tlilTev from the nucleus of a normal 
isotope ol carbon-1.for a normal uindeus ol carbon-1.'^ has 
a very dijlnitr ener^^y, while the* nucleus (of carbon-l.'i) 
lormed from bombardment ol bervlliuru will have an energy 
that depi'uds on the kinetic eni‘rgy ol the alpha particle. 
I'his is what determines the dilTerence bi'twei'ii the normal 
carbon uucl(‘us and the newly lornu'd mic h-us ol carlioii-1 .‘H. 
"riu^ carbon-l.’^ nucleus jiroduced troni lu'iylliuin and an 
alpha particle has t*\cess energy. 'I Jie (pit‘stion is: wJu're does 
this (‘iiergy go to? 

If in the lusion of a beryllium nucleus and an alpha j>ar- 
licle, a jiroton were eji'Cted, as was tin* cast* in the I'arlier ilis- 
cussimI nuclear transformations, tlnui this i‘\cess energy 
could be carried out of the Jiucleus in the* lorm of t h(^ kinetic 
eJiergy of tin* proton, lint since the exp(‘rinuuits ol Ruther- 
iord ajid ('had wick firmly established t lu* lact that in tin; ir¬ 
radiation ol beryllium by alpha particles no protons are 
produced, this way out for the excess energy is cloS(‘d. There 
seeirn*«l to scientists only one possibility, that ol energy j*e- 
lease in the lorm ol gamma rays. 

This interjirid at ion ol tin* c‘xp(*riim*nlal Jesuits of Hot ho 
ajid Hecker ascribed great signiJicance to these experiments 
liecause t hey iiieanf the discovery Jiot only ol t he ]»r(‘senc-e oJ‘ 
gajuma I'adiat ion in jjuclear t i*ajislormat ions, bul also a ik^w 
type ol Jiuclear t rajisloriuaf ion, t he capt ure ol an alpha par¬ 
ticle without jxdease of a proton. It was (|uite Jiatural, 
therefore, t hat many workers became interi‘sVi*d in tin* l.U)l he- 
Becker ex[lerimejits ajid uiidei'took a <h*taih*d study ol beryl- 
iiuiri radiation. 

Makijig use of t he fact t hal the jjenet rati Jig |)ow(‘r of gamma 
rays is a measure ol t heir eii(‘rgy, scient ists made cai'elul meas- 
uj'i'juents of tin* fiejieLialing power of the beryllium radia- 
tioji and, assuming that it was the gamma i*ays, t h(*y deter- 
mijiod the magnitude of a quantum ol IhesJ* rays. It came out 
seven million elect roil-volts. I'sing these data, it was possible 



I i) cliock Ih('hypolliosis oF llio lu'i'ylliuni rad atiDii IhroujiT]) 

I Ik‘ riK'i'fijy bfilaiici^ iiii'tliod just as wt* ilid in vi*i*ilyiu^- ( ho 
(raiislorinalions which arc accoiripanioil hy (ho ojoclioii ol* 
jMoloiis. ll()Wov(M*, al this time lh(‘ mass ot a horyliiiirn im- 
cloiis was not known prc^cisoly, and snclj conl rol was (horo- 
loro out ol (1k‘ (jnoslion. Soon, howi‘vor, now lads wvw' illic- 
ilod (hat mado llio liot ho liockor liy ))o( lu‘s\s coiK:ornin<j^ 
(ho nainro ol I In* Jan-ylJinm radial ioji hi^dily doubt ful. 

'riit; Krtnich sciinilisls Froderic Jolif)! and Jiojio diirio 
rcpoalod the Jh)l ho-Hockor oa poriinonl s with a modilltMl tocli- 
uiqiio oT obsorvin^^ iKn-yllinm radiation. 1'h<‘y r(*pla(‘(ul t ho 
(loi^r(*r Vlullci- c<innl(‘r wit h aiiotlnn* insi rnmmit , an ionization 
cJianibor, (hat inoasnrt‘d I ho ionization prodncc'd by Ixnyl- 
linin radiation. As nii^lit liavo Ixuoi o\p(‘c(oil Irom iiotho's 
assumption, (Ik* ionizing pow(M- ol I ht‘ boryllinni radiation 
was insi^ni ticant. lint vvlimi .Irdiot and (airic* placod paraliin 
iji till' ionization chambm*, (Ih'v nolic(Mi a bi^ inenraso in 
tho ionization enrront (it noarly tloiibbsl). Hy introdnciii^^ 
dilTonnil snbstancos into t lu‘ chainbor t h(‘y lound t hat a 
cnrrc'iit incri'asi* takes place when snlstanci's containing 
hydrojriMi arc* ins(*rtod ijilo t lio chainbor lo nndc‘r<»o lu‘ryUiuiii 
radiai ion. 

Joliot and ( liiric* ^avt* this lad t ho lollowini^ i ntc*rprdation. 
Quanta ol gainina radiation p )s.s(‘ss a high (*norgy. Tborolorc*, 
liioy shonhl also Jiavc^ a considorablo inomontiiin. WJion a 
gainma quant nin colliilos with hydrogen atoms it translors 
to tlio atoms a part of its mom(*ntnm (just as a sphere can 
upon im[)ad impart to another erne its momentum). As a 
result, tho protons ln*gin to move*, and since* th(*ir ionizing 
powi'i* is very gn*at in compari.*^on witli tliat ol’ gamma (]nanta, 
eve i a small numln’r ol protons croatoel by the l)eryHium 
ra iiation is capable^ ol producing in t be* cliamlx'r tlu^ same 
ionization as lliat. producc'd by the* lx*rylli\ini raetiation 
it-.soJI . Since t li(> mass ol a quant um is small, by tlie laws ol’ 
mechanics, tln^ en(*rgy imparted to them during coHi.sion 
witii nucl(*i will be tJu* less, the groati*r the mass ol’ the nu¬ 
cleus encountered by the epianlum. 'rhis (*\[>lains why pre*- 
cisoly liydrogc*n in tlio ionization chamber produc(*s such a 
strong action, wliereas, I’or example, nitrogen with a mass 
lourt(*(*ij times greater produce's an efiect lourLeen limes less 
than Jiydrog(‘n. 
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Thfit prolons aix* proihirfil by irratliation f)r liyflrogon- 
c<mlaiiiisiibslaia*i‘s willi iKTylliiiiu radiat ion wasconiirriio<l 
also liy (liroct o.\|KTiniciits, i»y obsorvalioii in a cloud rhaui- 
l)t*r. Such a chamber containing; liy<lroj^eii (in I lie vapours 
ol' water and alcohol) ami irradiated with lierylliuiii radia¬ 
tion oxhibit(‘d the appearance ol' jnoton tracks. It was 
(^ven possilde to measure their rajijre, wJiich was found to 
1)4* 2-y cm. From Iht? ran^e one could deli*rmine the energy 
ol t Ik* protons and, with the latUu*, compute* also the energy 
whirl) the gamma-ray 4)najil a should possess in order to im¬ 
part lh('ir (*nergy to |)rotons U[)oii ijiipacl. 

'rh(^ results ol the calculation were niu^xpecteil. Joliot’s 
ligures showed t lial gamma rays shembl hav(* an energy of 
r»o million electron-volts, something stupendous ev(‘n by 
iiucl(*ar st andards. 

It was not only tiu* results of the Cnrie-Joliot e.\pi*rlments. 
which were at variance* with 4ar(*lul measurements pei- 
IoiiikmI earJit*!*, that wen* unexpected, t he vi‘ry figure—T m mil¬ 
lion <‘lecl ron-volls -was nnl hi likable. Where could this 
enormous (‘iit'igy c-oim^ Irom';* AH the more so sijici? the 
bombarding alpha partic le had an energy of only five millioii 
electron-volts. It. si*emed impossible t,o think of a siiu])le 
explanation for t hc^ result obtained by Joliot and (hjrie. 
lint still stranger were t lie .results of investigations carried 
out by (lhadwick. Jl(‘ subjected jiitrogi*n and argon to the 
lierylliniji radiation, in both gases lie ii(‘tect(*d particles 
liaving a large kinet ic energy, which, il is true, was less than 
in hvilrogen. Tims in nilrogi*ii there origt-inated particl(>s 
with a ranges of only 3 miri. However, if we calculate what 
(*iiergy a gamiiia-ray ({iiajiliijii should possess so as to he able 
to Iransler I t) nitrogem iinclei uj)on collision an energy that 
would permit lli<*m lo traverse* 3 riiiri. in the gas, it turns out 
tliat even on inillion electron-volts is not sufficient. To do 
this, a gamma-ray qiianlum would have to have an energy 
of IX) million electron-volts. Calculations for argon give a 
slill bigger figure. To explain lll(^ ('xperijiieiital r(*sults, one 
had to at t ribute to the gairiiiia quanta an energy of IM inil- 
J i ()Il 0 1 (>cI ro’ii-vol I s! 

To siimuiari/e, the* assumplion that the p(*n(*t rati rig radia¬ 
tion produced diiiiiig the bomhardnieiil ol heryliiiiin by alpha 



|)iui i('l(‘s is gninriiii r.ivs, Irads l(» rarliclory rcsulls wil li 
r(*spi‘cl. It) I lit^ t‘jK‘i'gy i)i |]u‘st‘ rays. 

1. Froiji absoTplitm (*.\|)orijiK*iils iji Jcn-kI wt* oldaiji sovon 
iniJlioii l ron volls. 

2. From measurt'UjtMils of I ho raiigos of roooil uurloi in 
liytln)^i‘n, Hr* rosull, is of) mi I lion cIcTtroii-volls. 

2. From mcasiJr(‘in(*Mls of Iho raij^n*s of roroi! jjuclci ijj 
nilro^on if is ilO million oloclron-volls, and from such m(‘as- 
uromonls in ar^n)n tiu* result is loO miliif)n eleclron- 
volts. 

'JlR‘se ri'sulls I hat reler to t)ne ami lli(' same maunil udt^ 
are so dilTertnil. I hat douhf he^an lo crop up as to I fit! correct- 
jK\s.s of I lie prin« i|)al assumpt ion of Hollie and 1 U‘cU(M'. To 
r(\s()l\e these donhis and eliminates the contratlici ions in tJu' 
^^snlts ohtaiiKMl, only onts lidn^ could ho tIoiK', and that was 
to change the existing conct'plions ct)nct‘rniny tin* iiatiiris of 
the Ijeryllinm ratliation. 'Fliis was exactly what (ihadwick 
dill. 

lie sujtposetl that the radiation obst'rved tlnring irrailiation 
of J)(*rylJium (and liihinm and horon loo) hy alpha paiiichxs 
tioes not consist of gamma rays hut is a J)eam ol Jiew^ ami thus 
fir unkjiown j)arlicles. 'riu'se |)arlic!es liavo diinensiojjs 
flost* to those* ol atomic nuclei, ami a mass rougldy equal to 
that ol a proton. However, in contraiiislinction to prolojis 
tli(^ new particles have* no charge. 'J’he absence ol charge* sug¬ 
gested to (diadwick the name ol “jU‘eilron.” 

All assemblage* of such particle*s behaved in a very curious 
fashion. Since their charge is zert), an ele‘meiit consisting 
of such particles sliemld occupy a ])laci* aheatl of hy- 
dreigen in t he IVriotlic d’able*. That w’oubi be a “zt‘ro eli‘im‘nt” 
wdiic.h would ho the* prototype eif the noble gast*s. Atoms of 
the zero ele*iiients W'ould chemically be absoliiti'ly ine*rt 
since they would not have any e\Lra-nucl(*ar electrons. 

It would be no easy job to delect, the existence* e)f a “zero 
element.'’ Since the atoms ol a zero element consist only of 
neutral nuclei they de) not interact with electric lielels. 
Interactiein between the “zero element” and the ele*ct.re)ns and 
nuclei of ordinary ele*me*nts w^enild occur only in tJie case eif 
very close approach. The’re wniulel no longer he any “impene¬ 
trability” of atoms diu* to t he mutual rejmlsion ol their orbit¬ 
al electrons. 'Fo neutrons a snInstance ajijiears not as some- 
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thing coni iniKHis, bill in lln^ form ol’ a si(‘VO wit h vory large 
holes Ihrongh which the iK'utrons can easily pass, tl collect¬ 
ed into a vessid, the /(*ro eh‘in(‘nl wonhl in time leave it hy 
going through its walls. 

The only action of tlii' zero elemtMit which makes it possi¬ 
ble to lKMh‘tei*t(‘(l is a ilirect collision ot limit rons ami lhi‘ mi- 
(lei ol oniinary elements. The prop(*rt ii‘s ol tJie Z(‘ro element 
are unusual imJecMi. W'e may note, liowt‘V(*r, that as (*arly 
as 11)20 Mutherlord spoke ol the possibility ot the existence, 
ol a zero (dement, but the S(‘ar(h lor it at IJiat time (‘iided in 
lailure. 

rh(‘ iicNV hypoth(‘sis ad\anc(‘d by (’.hadwick made it possi¬ 
ble simply and without cont radict ions to (‘xplain all the p(u*ii- 
liarit iix*^ ol t he “beryl li um radiation,” and the liirther d(*v(d- 
opmenl ol' nmdt^ar researc h brought lorwaril more and more 
e\ id(‘nc(‘ in conlirmat ion ol the (‘orrect ik'ss ol t his hypo! In^- 
sis; at |)r(*sent \\(‘ consider I h(‘ exist(‘iice ol neutrons just 
as r(‘al iiS that ol |)r()lons and (d(‘ctrons. 


Ways nl* Observing Neutroiis 

Ilow is it possibh' to ivgisliu- neutrons, to obsmve their 
appearanc(*, to distinguish tlimri Irom other partichxs, and 
to study th(‘ir properties? 

All th(^ diverse proc(‘dur(*s employed in nuch'ar physics 
to (diserve and r(*gist(‘r individual [>arti«*les an* liased on 
th(‘ action that I lu'.se particles producii on the atoms ot the 
medium in whiidi they move, d'rack.s in a cloud chamber may 
be observed because alpha particles, protons and eh'Ctrons 
pos.sessing big energies, ionize tin* atoms Wwy encounter. 
And water va|)Our cojidens(*s on the ions rormecl. (iamma rays 
are not directly ol»S(*i‘\ed in a tlond (hamlun* b(aaiJS(* they 
hardly at alt ionize the atoms they mi*et. From lime to linn* 
they knock last elect r(jns out ol tin* atoms. 'Flius a clomi 
chamber (‘nabh‘s us to stiidy gamma rays oidy by secondary 
characteristics, the appearama* ol last el(‘clrons. 

The (b'iger counter al.’^o r(*Sj)oiids only when ehH’tric. 
charg(\s are cn'ated within it. The photographic method of 
j)article registration is also possibh* only through continual 
ionization and tla^ ('.xcilat ion ot atoms ot silver tound in 



lilt* li^hl-scnsiI i\(‘ (‘iiiiilsinii <»1 |)lioi o^rMpIiK* |»l;ih*s. Hut 
jit'ul rolls flo ji(»l ioiii/c I he ;iloms (hc\ riic oumUt. 

TIk'ii how ( JHi w(‘ icuislrr |Ii(‘im anil <lisl i iit»uisli llK‘ir at l ion 
I'roiii tJicarlions ol ollau- pari ith's?'J’lii* cliararlrrisl if U*al urt? 
whifJi ilisl i n^uislii‘s iifiilroiis iroin I lit* ol Ju‘r rays ol Jiuflisir 
pliysifs is hast'd on I lit* jiropt'i ly ol nt'ulroiis lo pass llirou^li 
coiisidt'rahio I hiekiifssi's ol niallrr, siirli as h'ail. In I his way, a 
l)t'ain ol JK'ul rolls may iinnitMliatt'ly ht' st'jiaralt'tl Irom \-rays, 
and aIpJia and ht'la rays hy lillt'ring'I ht'iiL tJiron^h lead, tliat 
is, by- passing- ( lit' lu'ain I hron<;h a lt'a«l plait'. J]iil ^ainma rays 
art.' a 1st) a hit' lo pass Ijiron^h a |)lalt' ol h'ad. Mow' is out; to 
tlilTt'it'iil iait' ht'lwi't'ii nt'ni rons and ^ainina ray s? Out'way is 
lo iililizt' I ht' dilTt'i t'iift^ lit'lwt't'n I lit' I wo lypt's t)l rays in 
Uit^ir int'fhanisni ol inlt'iaf I ion wilh mal It'l*. 

Snppost' a hrani ol i;ainma rays passt's lhronu;h a floml 
fharnht'r. \\ hal will wt'sot' in I In* plml oj.»raphs? Si lift'^aniina- 
ray (|uanta hast' a small mass, il isnainral ior t)nt‘in foiliti- 
in^r with a innlt'iis lo Iranslor lo iht lallt'r a Nt'ry small 
pari t)! its t'lit'ij^y, so I hal such foMisitms will hardly hc‘ ul’ 
any praflital imporlaiift*. (^Inilt* dilTfivnl is Iht' ftillision ol 
a gamma t|nanlum wilh an t'lfclron. Si net' I Jit' mass ol tho 
t'lt'flron is foniparahh' lo I hat t)l Iht' gamma tjuantiim, Iho 
latU'r fan, u{)on foiliding wilh an t'lt'flron, impart lo tht; 
lallt'r an apprtM iahIt' part ol ils t'lii'rgy. d ht' rt'snil ol I ho 
impafi is a last t'lt'flron. 

Jn a word, Ihfii, last t'lt'flroiis ami slow moving miflt'i 
I'orm I In^ piflmv ol aflion ol gamma rays, Kor this roastiji, 
lilt' ])holographs ot a flt)nd fhamhor pioivt'd hy gamiria rays 
('\hihit t)nly tin' thin Irafks t)l olofIrt)ns. Vhr niovi'int'iil ol* 
iiufh'i will not ho visi])lt' al all duo lo liit'ir small onorgy. 

i\ow' what is Ilit' aftiorj prodiift'd hy ju'utrons? Sinco 
tho mass ol a Jit'iitron is ot I ho saint' ordor as that t)t light 
miflt'i, tho nontron is a hit* npon foNision It) fommunicalc 
lo IJk' light miflt'i Iht' groalor part ot its onorgy. Ol spofial 
imporlaiifo art' follisions wilh hydrogi'ii miflt'i. 

In viow' t)l Iho t'tiiialily t)l ma.ssos, a noiilron fan, in a hoad- 
on ft)Hision, Iranslt'r to Iho prtilon all ils I'lii'rgy. Hilliard 
playors will rocall sufh follisions ol two halls, whon in a 
tlirofl Jiit tilt' lirst hall i-^ stt)ppotl and Iho si rufk hall, which 
holtiro was slationary, shools olT wilh Iho samo Sjiootl as that 
ot tlio incidoiit hall. 



TJk‘ collision ol a nculron willi an olcclron is <lilTc*rcnt. 
Duo to its largo mass tlio iieulron, in a collision with an 
olocrron, imparls to the latter only a small ])orlion ol* ils 
energy (one two-t liousainJlJi part, oji tlu^ average). C.onse- 
qiiently, such collisions will produce low-energy electrojis 
which go uJJiioticed in a cloinl chainher. The numher ol such 
electrons will be small since a neutron does not act on the 
electric field ot an electron. For this reason the ionizing 
power ol* a jientron will be small. Thus last nuclei and slow 
electrons are the result ol' the interactioii ol’ neutrons and 
atoms. This picture is the reverse ol* what wo had in the case 
ol gamma rays. WIkui neutrons shoot through a cloud cham¬ 
ber, the tracks of last recoil nuclei should aj)pear (protons, 
nitrogen nuchd). And since the latter ionize copiously the 
result should be a (huise log ol thick tracks. It is the appear¬ 
ance oV these tracks in the chamber that serves as reliable 
evidence ol the pre.sence ol neutrons in the radiatioji under 
f-tudy. 

To illustrate tln^ action ol neutrons, we give at the end ol 
the book |}holographs (Figs. W’l and XVII) obtained by 
Joliol and (lurie with a cloud chamber. Fig. XVl shows the 
tracks ol a ])roton knocke<i out ol parallin l)y neutrons. The 
neutron source in this experiment was situated under and 
outside the chamb(‘r. Fig. XVTl shows the track ol a helium 
inichMis hit by a neutron. 

The cloud-chamber method and certain other methods of 
registerijig neutrojis not describeil here but. based on the 
property (jl neutrons to lorm fast recoil nuclei were used 
during the early stages ol the study ol neutron properties. 
Subs(M|ijently, other, simf)ler and more convenient methods 
were loiujd. 


Nuclear TniiisforinatioTis That Produce Neutrons 

It is hard to overest imate the signilicaiice ol the discov¬ 
ery ol the Jientron. It may he stated authoritatively that all 
the subsequent successes of nuclear physics are determined 
to a gieat extmit hy this tiiscovery. Scientists saw imme- 
dialely lliat t he new parlich's discovered hy Chadwick should 
play a hig role in nnclea.r proces.st‘s and tran.slormations. 



Thoir very origin is the result. oF a rnirlear I ransforma- 
lioii. 

Lot us write down the traiisForijiatioii schoino Ilia I pro¬ 
duced the iKuitroii. Ilie horylliiiin nucleus lias a mass nuiniior 
oF nine and a charge oF Four units; alter the cajiture oF an 
alpha particle the mass numixu* oF the nucleus Ixu'omes 
tliirt(*eii, and the charge six. 'fhat would be the result if 
a neutron were ejected. Alter the ejection oF a neutron the 
charge oF the residual nucleus does not change, but the mass 
number is reduced by unity, becoming twidve. Jliit the nuclear 
charge (six) means that we have obtained an element with 
the atomic number oF six. This element is carbon. And so 
a nucleus oF berylliiim that emits a ncMitron through alpha- 
particle bombanlment is converted into a nucleus oF carbon- 
twclvc. In writing the scheme of this nuclear transFormation 
let us agree to designate the neut ron hy the symliol n: in the 
nuclear reaction schenu's the superscri[)t diuiotes the mass 
number and (he suliscript the charge, which is zero. In this 
iiotalion the transFormation schenn^ may lie written as: 




A similar transformation scheme may be writtmi for bo¬ 
ron and lithium, which also eject a neulroii uinhn* bombard¬ 
ment by alpha particles. Hut here tin* reaction is more com¬ 
plex. Since beryllium consists only ol one isotopic one knows 
exactly what type of nucleus is being translormed in the pro¬ 
duction of neutrons, but lithium and boron hav(‘ two iso¬ 
topes each.'fliis made it very difficult lo determine what the 
transformation was, and at first mistakes were made. I'lie 
main line of reasoni ng at first was that known isotopes .should 
bo produced in the nuclear transformat ion. On this viewpoi iil, 
one should attribute to the isotope of lilhium-seven ilie 
emission of neutrons under bombardment by alpha particles, 
'riie end-product of the transformation will then be the iso¬ 
tope boron-10. If the transformation took place with a 
nucleus of lithium-() the end-protluct would be an isolope 
of boron of mass number— 0. But since no such boron 

i.sotope was discovered, it w^as thought that the reaction 
should be written thus: 
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SirniJar Ihal Ili(* isof oja* boroii-U emif lcd 

iKMit rolls, siiiCi* llio assiinipl ion Mial lioron-K) should ('mil 
tliom U'tl, il would s(*(Uii, lo an al»sur«lily, iiaiiu'ly, 

- > y -w. 

b '2 0 ■ 

Till' X should ln' ail ('h'liK'iil willi at <111110 jiuiuIk'I* s(*v(' 1 i (iiilro- 
^v\i) and ol' mass I hi rl 0011 , hut t he* (‘AisU'iiot* ol such an is<- 
lo|)o ol iiilro^i'ii was unkiiowii. So ('liailwiok di'oiih'il that 
tlu' 1 raiislormal ioii soiiomc* ol horoii uiidc'r al|dia homhard- 
iJK'iil should lu* 

Gival iinporl aji((‘ was at I ached lo I Ik' esl ahlislinK'iil of lliis 
scheiiu' ol Iraiislornial ion hecause of I he Ihree elemenls 
(lilhiiim, heryHiuni and horoii) which wIk'Ii homharde<l jiro- 
(luct'il iii'ul rolls, I li(‘ mass of horoii was niosi e.xaclly known 
ainl Ihtu'eloiH*, hy i‘sl aldishin<j I hi' characler of I he I ransfor- 
malion and <l(‘U'rmi ni 11 ^ I la' klneii(‘ I'lier^y of I he ni'ulrons 
ju'oduci'd, OIK' mi^'hl ( ompnle Hk^ mass ol I In' neul roii from 
iJie energy halancc'. And Ihal is I'xaclly what (lhadwick 
did. 'riie value ol I hi' neulron mass J.001)7 liirned oul sli^hlly 
Jess than IIk' mass ol a jiroloii (I.OoTrxS). Ilowi^vi'i*, it was 
suhse(|u(‘ntly lound Ihal the I ransiornial ion of horon was 
incorri'cl ly di'cipliereil and I hi' neulron mass value ohtained 
hy (lhadwick was nol correcl. 

I-liter, as our knowleiloi' ol mieh'ar I ranslormations that 
involved neutrons d(*vi'lope<l and as the mass values of atoms 
were di'leimiiic'd wilh j^reater ami oivali'r accuracy, a very 
precise mi*asuremenl ol I hi' mass ol I he ni'Ul roll was made. 
TJie neulron mass was loviud loin' I.(alomic unils. 

Idius the neulron proviMl to he jusi sliuhlly heavii'i* lhau 
the |>rolon. riie si^nilicaiic'* ol this lad will he si'i'ii shortly. 


Niieh'Sir Tniiisfuniialiniis I’nMliiced by Neutrons 

Gan neui rolls cause nu(‘h*ar I ransformal ions? d'his (|n(*s- 
tion is in jilace, lor earlier oni' couhl not assert, that ni'utrons 
are capahle ol causijij^ nuclear I ransformalions. And if they 
are couhl sucJi Iranslormalions he ohserveil? We already kno\v 
lhat nuclear I ranslormations ar<‘ exceedingly rare. Xearly a 
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rniiiioii nlplin particles an* r(*(|uired to prodiici* oik* jiiicl(‘ar 
Iraiislui Jiial ion. niil i‘\pi-ri iiieiih*rs did jkjI have at their dis- 
])osal such ijuaiil it i(*s ol iieiitnjiis. And it was ililliciiJt to de- 
l(*rmi IK* exact ly the iiiiiiiher ol iieiit rons prod uc(‘d. With sui’- 
jicieid approxiiiial ion, one* ini.^hl. say that when h(*r\liinni 
is irradiat(*d with alpha rays Iroin |Kdoninin, one neiilruii 
is produced per (roumhiy) hiindn*d thousand alpha articles. 
Since (*\pi*rini(*nlt‘rs had at. their disposal soiirc(\s einit.Ling 
JO” alpha partich'S pi*r s(K*ond, tin* nninh(‘r ol neutrons an 
(‘Aperiinent.er couhl <i(‘t was only altoiit 10,000 per s(*cond. 
(a)uhl one, with so sniaH a JiunilKn* ol JK‘utrons, set t)ul in 
t lie dilliciilt search ol nuclear I rauslonnat ions? VV'asiil this 
like fi^hliiijj: windjiiills? it inii>hl he that il Uuth(*rlord had 
Jiad at his disposal sources of alpha particles ol such small 
intensity, Ik* wouldn’t have discovered nuclear disinli't^ra- 
t ion. 

Kut with neulroiis tin* situation is dilTerenl. I'o set* more 
cli*arly tin* dilTer(*iice hetw(‘c*u n(*ut rons and alpha particles 
Jet us answi*r the lollowini* »pK*stioMs: Why an* nuclear trans- 
iorniat ions eau.sed hy alpha partich?s so rare*? Wdiy is only 
OIK* alpJia partie le in a million capahh* ol doin^ this? 

I{i*call that an alpha parliede must have ('onsiderahle 
i*ner^y in order to pt*nelrate into an atomic nutdeusand hrin^ 
about a unclear I ranslOrmat ion. Hut alpha parli(d(*s moving 
in a suhstance int(*ract not only with nncl(‘i hut. also with 
t h(> atomic eh*ct rons. I n its passaj^e t hrou^'h 1 lie i‘lect ron shells 
ol' an alum an alpha particle always loses a (‘(*rtaiu [lart ol’ 
its(*n(*rgy. or coursi*, t liis part is not ^reat. But t he ])roi)ability 
that an alpha jiartich* in passing Ihrounh an atom will pass 
cJose to tla^ nucl(*us is al.so small. An alpha partich* has lo 
traveise many atoms lu'lOre such a lucky event taki*s place, 
and in this way it loses in ionization either all its energy 
or .so much that it won't have enough lelt t«> penetrate to the 
nucleus. Such is tin* inglorious late of hundreds ot thousands 
ol al[)Jia pai't.icles. And only those that hit. a nucleus alter 
passing through a small iiumher ol atoms are capahh* ol’ pro- 
tliK'ing a nuclear t rausrormation. 

Neutrons act difTerejit ly. I'liey have no charge and so 
in passing through an atom I hey hardly at all interact with 
the orhilal electrons. That is why they don't lose energy. 
A iieutroji passes Irccly through hundreds and thousands of 
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nioms before ('nrouiiloriiijr a nucleus. Tl is of no im poiM ancc 
wlielher it bits an atoiuic nucleus sooner or later. Kacli neu- 
Iron will undoubteilly (sooihu* or later) ejicounter an atomic, 
nucleus anil will be able to penetrate it, because the iiucloar 
ctiarge does not alTect it. Therel'ore, if iieulrons are competent 
to produce nuclear transformations they should operate very 
etlectively. And though the number of neutrons is small, 
expressible maybe only in tlunisands, nevertheless the trans¬ 
formations they province will he observable. 

'J'he Jirst invest igations were carried out with cloud cliam- 
hers filled with dilTerent gases. In studying the photographs 
obtained, ijivestigators discovered in some of them not single 
tracks of recoil nuclei hut double and at times triple forks 
that indicated nuclear transformations. Fig. XVIII in the 
Appendix shows such a photograph. Aji explanation of it 
is given in the accompanying capl ion. Using such photographs 
it was possible to show that neutrons cause transformations 
in nitrogen, oxygen, carbon and neon. "I'heir transformation 
schemes are as lollows: 


—H ,D% 

- jJo*+.ne‘, 

Of special iiiteresl is llie reaclipii with carbon. Recall that 
neutrons arise from beryllium as a result of a transforma¬ 
tion that follow’s the scheme: 

The transformation of carbon follow^s a reverse scheme: 

This case is consequently the reverse transformation. 
If we call nuclear transformations r(?actions (and this is 
frequently don(» in analogy with chemistry) we have a 
case of a reversible reaction: 
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It will Inrcoini' clrar Jator on lliaL n*viTsihl(* n*acl i(>iis aro iiof. 
a special case peculiar lo berylliurri. 'fliis property is coniiHoii 
to ail nuclear Iraiisforinations. It is ijil(;r(‘sliji^^ to note that 
a traiisformation ol’ an oxygcui nucleus lias also Imhmi observed 
(Riitherl'ord was unable lo brin^ about the traiislorma- 
tion of oxym ‘11 by the very fastest alpha j)arlicles at his dis¬ 
posal). 

('.ases of tln^ fission of atomic nuclei by neutrons W'ero 
found in many pboloj^raphs. The supposit ion concerning the 
effectiveness of neut rons and the ease with which t hey [)enet- 
rate atomic nuclei was confirmed. Soon, how(*ver, Fc^rini 
performed experiments that demf)nstrat(‘i| w^ith exlrtnne 
clarity the outstanding role oi neutrons in the t ransforinat ions 
of atomic nuclei. 

neforo discussing these experiments w(* shall have to 
digress and rdate abcait other rem?irkable discoveries that 
were made in the same year, 1V)32. 



Vhftptvv r 

Tin; i)is(’()vi:ky of tiii: tosithon 


Wliat Is SI rosiiroii! 

1ji tlu* yonr 'J!W2, tJ»r Science joiiniiil canicd a briol’ nolo 
by Aiitlcrsoii, in \vhicJj lie reporii'J (lie discovery of si inw 
pjvrticle in cosmic* nidiidion. I'Jiis jmriich* lias llio same mass 
as the electron but in contrast to tin' latter it is not negative, 
but positive, jnsl as tlie proton. 

7'his discovmy was jnsl as nn(‘\p(*cled as that of the neu¬ 
tron made shorlly belore. 

A new jiarl icie appc'arc'd whose* properli(‘s (mass and charge) 
were those* ol an eU*mentar\ parlicU*, one ol the‘M^nilding 
stones of I he uni vi‘rs(‘,’' as il wi‘re. Such [>ar licl(*s are oll(‘n 
called “(‘leiju'ulary parlich‘s," and we shall h(‘r(*inailer call 
lh(‘m by I his name. lloW(‘v(‘r, il should iiol he lorgollen that 
this l(‘rni is relalive li<*cause wlial we call an “(‘h‘m(*nlary 
])ailicle” may in ai liialily prove* lo be a coiiipl(*x slrucliire. 
It is oidy al our preseiil slate of kjiowh*dge, wli(*n we know 
iiolhiny ol I heir slruchiri*, that we can ronsi<ler them “ele- 
m(*nlar\ 

Prior lo l!)22 vv(' kn(*w ol Iwo el(*meulary parlicl(‘S, I he 
|u»)lon, whose* mass was taken as uuilv (or, to lx* precise, 
i.OOTofS), and I he elect rou wil h ils mass 1 .Sol) I imes smalh*r 
than lhal ol I Ik* proton. Tin* charge ol holh i*lenu*idary 
])arlicl(*s is e<|ual in magnitude and opposite in sign. The 
(*leclrj)ii isllu* hearer of iK*galive charge, the* proloii, of j)os- 
ilive charge*. 

'I rue, il Was uol allog(‘llK*r clear w here I Ik* alpha particles 
belong. Should llu*y he considered (*lt*iiK*nlarv ])arlicles or 
a com|)h*.\ formal i(»n consisi ingot four prolons ami Uvo elec¬ 
trons? On 1 he oiie hand, 1 he end si aiidi ng pari play(*d by 
alpha particles in the ph(*nomenoii of radioactivity and in 


110 



iiiiclcar I rfiiislorinnl ions sprnks in favour, il wonM scorn, ol 
IIk^sc parlicics lu‘in^ callcMl cIcjiKMilary j)airK*lcs. Oji llic 
oIIkt liainl, consitltniji^ liial iJic mass and rliargc of alpha 
parliclcs arc limit i|)lcs of the mass and charge of othm* ele¬ 
mentary |)arli( les, one might, snpjiose that they are comjilex 
st ruct nr(‘s hnilt up of ehmientary particles. 

TJien a n(‘w(d(‘mentary particle -I lie jumtron —appeared 
on the stage* of physics. It had unit mass hut was devoid 
of any (*h‘etrical charge. The inimlier of “Iniihling stoiu's of 
th(^ nniverse^" l»“cami^ thn*(‘. 

And now the ni‘ws was that th(‘re existetl still another 
type ol eh*mi*ntarv jiarlich*. It is worthy of note that Ander¬ 
son’s item appeared not in a scientilic journal hut in a |)Opu- 
lar-sci(‘ni*e magazine. Afiparently, he himself thought tliat 
the data accumulated was insulficient to sp(‘ak lioldly of a 
discovery. Only alter the work of Iflackett and Occhialini, 
which lully confirmed the correctness of Andersoirs observa¬ 
tions, was it. clear that, tlie new disceivery was a fact. In 
scientific circles (and even outside* tlu‘m) opinions were loudly 
voiced that new elementary jiarlich's thus far unobserved in 
terrestrial conditions had been discovered in cosmii* radia¬ 
tion. 

What IIkui are tliese cosmic rays and how diil development 
in this domain of knowledge lead to the discovery ol t he posi¬ 
tive electron? 


('OSiiiic Itsiys 

Anyoiu* who has ever studied radioactivity knows that a 
charged i*lect ronieter or electroscope di.^charges under the 
action of radioactive' radiation. 'I’he reason is ijuite clear, 
liadioactive radiation produces in tin* air ions (electric, 
charges of both signs) which reduce* lhe*i*harge ol the electro¬ 
meter or idectrosco|)e. For example, il the leaves ol an elec¬ 
troscopes are charged with peisitive e‘lectricity they will 
attract the* ne*gative ions wliich elelivesr up to the? leaves 
their negative charge, thus gradually neutralizing the posi¬ 
tive charge* of I he elect roscope. 'Fhe more ions t here are formed 
in the air, the faster the electroscope discharges. It was 
])oinled out earlier that this property was used as a basis lor 
intensity measurements of radioactive rays. 
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r)bs(M \at i(»ns, Ijdwwcr, slu>\v(*(l (liiil (Ik* li*iivt*s of a chargCMl 
(*k‘c! rose opr hill (‘vi'ii in I hr ahsc'Jicc* ot radioarl i vr siih- 
staiicr, t hough vtM-y slowly. 'J'iu* iil(*cl roscopr st‘Oiii(Ml lo 
(liscliai*m* “ol ilsrlf.” I'his spoil!aiiroiis dischar^iwasvon 
what would a|)pi*ar al iirst siglil a natural explanation. Tho 
oyiinioii was oxpr(‘ssi‘d that ininuto (]nanliti(*s of radio- 
act ivo siihstanc(*s wore lound scatt(*rod throuj^hoiit ( Jic eart h, 
'riio fraiiiina railiatioii of I h(‘S(‘ snlislancos, which is ra[)a])lo 
of jirojiagal i 11 ^ vi'ry considoraldi; distances, is t in* cause of 
such ionization ol the air, whii'h, though small, is lound 
(werywhen* on tin* surfaci* of tin* earth (or water) ami w^hich 
is till* r(‘ason for the “s|)onlaneoiis'' disi-liarge of all charged 
bodies. llowe\(‘r, in lit 10, it was discoseri*d that tlu^ rate 
of discJiarge of an (‘led rometer increasi's wit h t he distance 
Iroin th(‘ (‘art h s surface. On the above assumption, one should 
expi‘ct that as the distance' troin the i‘arl h's surtace increased 
the gaiiiina radiation inl(*nsity would tall and with it also 
tin* rate of discharge of tin* <‘l(‘clroim‘lt‘r. Hut expt'rimeiits 
showed that this was not tin* case*, 'riio iul(‘usily of ionization 
increas(*<l perci*[ilibiy with altitude*. 

In studying this pr<d)leiii t he^ (i(‘rinan [ihysicist Hess rnado 
some ten ascents in a balloon to alt it udes up loo kin. Accord¬ 
ing to his data, the incre'ase in ionization is noticeable from 
400 metres on up. 

\\’orking from t hese experiments, lless|>ul forth thehypoth- 
esis tliat rays c‘apalde of ionization tall on our planet from 
oute*r space. 1’he‘se rays are* part iaily al»sorbed by t he atmos- 
ph(*re* surroumling our earth and for lliis re'ason re*ach t ho sur¬ 
face of the* earth appi-eciably alteMiualed. In a.scending to 
higher allilude*s we* pass into re'gions where their intensity 
becomes greate*r. This is I lit* rea.soii for increasing intensity 
of ionization and the more rapid discharge of the electro¬ 
meter. 

As was subsee|uenl I}' brought to light, the.se rays do not 
originate at any one point in cosmic space. They come to tho 
earth from all points.lmlh facing I he* sun amt from the^ op]»osite 
side*. And t liey ai'e present e()ually by day and by night. 

He.*^s called them cosmic rays. Many W'orkers liecame in- 
terest(>d in Hie nature* of llie*.s(* rays, and in the> years that 
followed many i nvesi igal ions were^ devotiMl to them. All of 
this research consisted essentially in the study of the absorp- 
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lion of cosmic rnys, but invcsligalions proc(‘(Mio(I in sovcTfil 
(lircctions. On the one liajid, a slmlv was inadt* of I Ik* inli'ii- 
sily variatioji ol cosmic railialiuii (Iho varialion of iojiiza- 
lion inUnisily) with all iludo. To do this, altompls were? made 
to raise the nu^asurin^ instruments to the great(‘st possible 
heights. On the other liand, absorption of cosmic rays was 
stuctied at Ibe eartli's surface. 1'iie measuring* instruments 
were lovvercMl into lakes and seas to the ^ri*atest possible 
depths. And finally, an iiivesti^atioJi was made of the inten¬ 
sity variation of cosmic radiation (as a measure of it, we take 
the intensity of ionization prodiic(‘d hy cosmic radiation) in 
traversing various substances (iron, lead, etc.). 

Among tlie researches of the variat ion of intensity of cosmic 
ratliation with all it nde, irn'id ion should bemadeol tlie e\p(*ri- 
inejit.s with sounding balloons. A sounding balloon is a bal¬ 
loon equipped with an instrument tJiat r(‘Cords automatically 
and at delinite iijt(‘rvals the ionization of tlie air, iJie time, 
temperature and air pressure at a given instant. 1 'Ik* tlireii 
last figures taken togetlun’ made possilile a rleti*rmination of 
the altitude at which the measurement of the ionization of 
the air was made. 

'rhe ajiparatus was made as light as possible (it W('igh('d 
ordy 1 .b kg.) in or<h*r to n^ach the high(\st jiossihh* altitudt‘S. 
In a souinling balloon rea< he<l a height of 27 km. and in 
11)32, 30 km. The n‘sults of the.s(* measurements an* shown 
ill Fig. 17 where the intensity of cosmic radiation is a function 
of altitude. 

The measuring technique with sounding balloons was 
essentially improved l»y S. N. Vernov. lie i*quipped the* bal¬ 
loons with radio that comiiiunicated to earth the signals from 
instruments registering the cosmic radiation. 'J'his made it 
possible to determine the in.strument readings directly dur¬ 
ing the ascent of the balloon and precluded many failures 
due to loss of balloons. 

Whereas at the surface of the earth, the joint action of 
cosmic and radioactive radiations produces each .second in 
one cubic centimetre of air an average of one ion pair, at an 
altitude of 2 km. 5.1) ion jiairs are formed, 'fhe number 
of ion pairs produced increases rapidly with altitude. Jiegin- 
ning at 15 km., however, the rate of increase in ionization 
slows down, and at 22 km. ionization reaches a maximum 
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Vi^. 17. 7’ln“ iiilc?isi(y of rosiiiic iridifil ioji ;is fi func.l ion of 
nll.ilii(k‘. Tlic liLoirc slu)\vs fiow and l)y wlnnn tlic^ diffiMCMil, 
all.iUido> wfir iraclicd al which llu* cosiuic-ray inlunsily was 
nioasnrcd. 




ViHucol 210 irnj piii rs |k*i* cuhir rtMiruiH'l r(* |i(‘r socojul. (irciH 
iilliUnli‘s i^how a n.Mhicl ion in llio ionization ( urronl. At 
3.) kill. Ilin ioni/alion (Mirirnl i*oi rrsjionds lo llio rorinarioii 
in oiK^ railnr (•ontiinrl n; ol onl}' J7o ion jiairs |K‘r second. 

Inl(*nsily nn*asnr(‘incnls ot cosmic railiation wilh sonnd- 
iiijj; balloons wero condiicled only lo X) km. Kor givaler 
Jieiglils, rockeds have heeii us(‘d. In 1!)4S, V-2 I'ockols \vero 
used lo measure (he inhnisity ol cosmic radial ion at heights 
r(‘achinglo 'JOO km. 'I'he measiireiiKml was made with a Gei- 
<>(*r counter, d'lie nnmher ol' pulses in the coiinler varied Irom 
] lo TiO as I he rocket rose Irom st*a l(‘vtd lo 20 km. As lli(^ 
ascent conti lined I o .'>() km., I lu^ nnmher ol' pulses l(dl lo 22 and 
did not cliani'o any more with altitude. 

Summarizing’, IIkoi, tin? inlensity of cosmic radialion 
lias a maximum at approximately 22 km. above sea level, 
but at an altitude greater than .oO km., I he intensily ol* I he 
rays is constant. The sigiiificanci* ol‘ this excecMiingly impor¬ 
tant ra(T will be e.\'|)lained below. 

I'lio intensity ol cosmic radialion was also measured at 
considerable depth.s under water. The lirsi ol' such nieas- 
uremonts were made by the Sovi(‘t physicist I-.. Mysovsky. 
J.,ater, sell-recording aniomatic instrumenis wme low(‘n‘d to 
de|)ths of as much as 1,000 imd rt‘S. As Iho d(‘plh increas(‘d, 
the iiiU'iisity fell. P»ut even at l,0()0 melres nndi*r water cos¬ 
mic radiation was (hdected, Ihongli I he intensily wasi‘xl reini*- 
ly small, i hns cosmic rays are capabhjof passi ng not only 
through the alnios|diere of the earih but also through 
layers of water several liundreds of metres in thickness. 

A comparison of data concerning the absorption of cosmic 
rays in xvater, iron, and in lead sliowed that all substances 
absorl) cosmic rays in the same way, as long as the thic.k- 
nesses of the absorliing layers are such that tin* w’cight ol a col¬ 
umn of the substance traversed by the rays is the same. Thi.s 
means that a one-metre layer of water ol weight 100 gr./ern.**® 
absorbs cosmic rays in the same way that a lavin’ of iron 
12.8 cm. thick or a layer ol lead 8.7 cm. thick does. These 
layers also have a weight of lOO grams per square centimetre. 
The absor])tion of cosmic rays by our atmosphere is eejuiva- 
lent to tlie absorption of a water column 10.m. in length. 

The absorption coefficient of cosmic rays is very small. A 
20-cm. layer of lead reduccstheir intensity by only one half. 

iJQ 
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Like X-niys ami ^amma rays, cusmir rays ari^ capable of 
passing llin)iigh t<nisi<l(*rable Miickiiesses nt iiielal, Iho only 
(lilTorenct* lK*ing tlial the peiiel rating power ol cosmic rays 
is greater than that ol' the harih^st giuiuna rays. 

For a long time scientists (‘onsi<lere<l cosmic rays to be of 
the same jialnr(? as gamma rays, that is, they believc*(l th(*m 
to be the same electromagm^tic vibrations as are light rays 
or \-rays. It was well iviiown that tin? peiK'trating power 
of X-rays and gamma rays dep(‘nds oji their ejiergy. The 
great in* the energy of these rays, the less they are absorbed. 
Since th(^ cosmic rays are absorlied considi'rably less than 
gamma rays it might be conclinhd that their energy eACinnls 
the energy of all known gamma rays. Frojn the absorption 
coefiicient it was found that if cosmic rays are similar in 
make-up to gamma rays, lh(‘ii lhi‘ (‘iiergy of a iiuantnin of 
cosmic railiation should be roughly e(|ual to 30,000,000 
electron-volts, which is just as much as should be released 
in the creation of a helium nm leiis out of four protojis ajul 
two electrons. Hence, Millikan assiuneil that cosmic rays 
are the r(‘sult of the formation of helium nuclei in outer 
S|)ace, whence these rays come to t hi‘ earth. 

Millikan’s vii'wpoinl. was very po|)nlar nnlil Hothe and 
Kolhdrster found that it was at variance with the facts. 
Hi their experiminils they used a (ii'igerMiilhn* counter to 
register tin* cosmic rays in place of an ioni/.alion cliamher 
connected with an electromi*ler. .\ tii*iger Miilh*r countin’, 
as we already know, registers each indivifliial charged j»ar- 
ticle that passes through it. In place of one counter they 
useil two (Zj and Z,) arranged one above the other a certain 
distance apart (Fig. 18). Filters A of dilTerent substances 
couhl be inserted between the counters. The shielding made 
of lead and iron was to protecl the counti’r from the action 
of radioactive radiation from surronmliiig obJiTts. In this 
way it. was jiossible to measure accurati’ly the coefficient of 
absorption of cosmic rays in a substance ^1. The readings of 
both counters were automatically registered on a single tape 
by a self-recording instrument. The readings of one couider 
were recordetl on the upper half of the lajie and, those of the 
other counter on the lower half. An examination of the tape 
readings of the two counters show(‘d tJiat in a very large 
number of cases they coincided. The counters recorded simul- 
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tanooiisly, as il. wore, Iho a])|H‘in*aM(‘(' of a cosinir particlo. 
riiis was si raiiiJi*, lor if cosiiiir rays an* I hi' sanii' quanta as 
X-rays, I ho action of wliich is irianifostc‘(l hy lh(*ir croatiiijr 
fli'ctroiis of consiilorahh* onorj^y (and jinlt^ also that cacli 
quantum can produce only one (dcctron), I hen it is clear 
that tlio secondary cliar^ed ])arLicles (fast idectrous) could 
not appear simultaneously in hoili counters. The simulta¬ 
neous action of th(‘ counters could only he the result of ojie 



Fi^. IS. IvayouL of the IJnlljc-KoJIiorstcr cxpcriiaciils. 


Zi .111(1 Z.^ .'ire Muller ruiiiiliTs; A is a 'j.l-etu. Ihit'k 

niter; B uiid M. are lead liller.s f^r ]u*uU*cliuii ayaiiisl hcailered 
radiuliitii. 


and the same cliarged particle (electron) passing through 
both counters and producing ionization along its path, that 
is, ill both counters. Therefore the Ifothe-Kolhorster experi- 
mi'iits could be explained in only one way: the charged parti¬ 
cles recordi'd by the counters are not secondary electrons 
arising from the action of cosmic quanta in the walls of the 
counter, cosmic radiation itself contains charged particles 
that ])ossess tremendous energy which is suflicient to send 
them through both counlers and also through a gold liltcr 
4.1 cm. in thiclvness interposed bid^wiMUi the counters. The 
attenuation factor of the j)arlicles producing ionization in 
both counters proved equal to tin? absorption factor of cosmic 
rays measured earlier by an ionization chamber. This fact 
was of great iinporlaiici*. It might he thought that the ion¬ 
izing particles registered in the ap|)aralus are present in the 
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cosmic radiation only in certain qnanlil ies. llowt^vc'r, llio 
fact 111 a I th(^ im^asiired absorjilioii coorticit'iils ol iIk* ioniziiif^ 
panicles coincided with the ahsorplion cocdliciiNit ot lln^ 
(‘iitiri^ cosjni<‘ radial ion compelled JJnlJie and KOIIiorsl( m* to 



Fii;. JU. J.nymil ol I In- 
ex()t*iimiMil.s. Zj, Z.^;\\ni/.^ ar«* 
(IcMjicr-Midlcr »i)iiiilc!s or- 
raii^fd ilia sliaiiilil liiw.'thr 
erosslialrlM*i| aica is load, lii<* 
IdarU |■^‘^■|all^.•l^*s, iron. 


consider all cosmic railiation as 
consislin^ ol charged ionizing 
pari ides. IT \vt> assunn^ that all 
I li('se ])anicl(*s an* elect rons, l lj(*n 
lli(‘ir (‘iiergy should e\C(‘t*d 
11)0,000,000 electron volls. 

'J'Ik* BoI lie-KoIJidrster experi- 
nienls were n*|>('al('d by Jlossi. 
lie used a new l(‘chnii|ne (hat 
snbs(‘(jnenl ly lomni wid(' a|>pli- 
calioii in ^■osnlic-ray |■(‘.‘^(*ar^h. 
rin* essi*nlial idt*a bc'liind his 
iii(*lhod was I Ik* ns(*, lor regis- 
Iration of cosmic rays, ol" lhn‘(‘ 
I iidger-MiiHer counters arrang(*d 
in a straiglit line and connected 
to a rath(‘r complex aiuplilying 
ire nit. In this circuit, a jiiilse 
prodnceil in the counter, when 
tin* latt<M' was tra\<'rs(‘il by a 
chari>’i*d particle, was ampliiied 
to a i|(*jijiiU* magnitmh*. ]*uls(‘s 
Iroin all three counters were 
Iransmilted l(; a single ampli- 
lying valv(‘, which carri(*i| a 
big current only when Hk* pnlsi‘S 
Ironi all threi* f*onntt*rs arrivi*d 
at the same instant. Thi* re¬ 
lay ol' a m(‘chanical numerator 


respomb'd when a big curn*nt (lassed through this valve*. 
Thus, a circuit ol this type jecord(*d only cas(*s ol simulta¬ 
neous r(*sponse*s ol' all three counters. It is obvious that this 
could happ(*n only when one and (he .saim* ionizing particli; 
])assed I hrougli all Ihree counters. 'I’Ik* connl<‘r circuit |)ro- 
pos(*(t by llossi became known as a‘Voi mieh'nce* edreuit.” 

Jlossi used lead as IIm* litter (absorber) e»l e-osmic rays. 
Durijig the experiments the* thickness ol iJie lead layer was 
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variorl and reacliod ojio iiioi rc. Tlie arjan||T(>jiionl, qI' coiinlors 
and load lillers ns(*d in Hnssi’s oxjXM'i ijkmiI s is shown iji 
Fi^. 19. 'J'liis layout was iisod lo nioasiiro lla^ nurrihor of 
jiarticlos passing Miroiiulj all llirot? counlers as a lunrtion 
ol* the Ihiokiiess of tlie lead filter, llossi's UK^asiireinents 
confirmed tluj fact that cosmic rays at the earl h's surface 
are a stream of ioJiizin^r particles I hat ju*r)due(^ a discliarpfc 
in the several counU'rs tiirongli which they pass. At the same 
tiiiK*, I he llossi ('Xfxu irnenIs cuiahled Jiew and exi rennely 
imporlant conclusions to he <lrawn. It turni*d oul that cosmic 
radiation is Jiot homo^ejieous and consists ol at least two 
parts, one oT whi<*h is (diaracterized hy a lar»(^ ahsorptioji 
coelficiejit. 'J'hesi* rays ari^ ahsorhed l)y a relativ(‘ly small 
Ihicknt'.ss of matter (.'i to 10 cm. ol' lead). 1'hey werci called 
the “soli” com|>ojj(‘nt of cosmic railiation. I'lie other |)art of 
cosmic rays Jiot ahsorhed hy 10 cm. ol* lead is cjilh*il the 
“hard” comfioiKuit. If the particl(\s that mak(‘ u|> this portion 
ol the cosmic rays w(‘re (doclrojis. (h(‘ir energy, as the estima¬ 
tions of scicnitists show, should exceeil one thousand million 
electron-volts. 


SkoheltsyiFs Experiments 

The assurnpl ion made hy Rot h(‘ and Kfdhopsler was very 
soon confirjued hy direct experinieiils carried out hy the 
Soviet scientist I). V. Skohellsyn, W hile makiiig a study of 
the ijileraction of gamma rays and ext ra-jniclear elect rons, 
Skoheltsyn |>laced a cloud chamher in a ndatively strong 
magnetic held so as lo determine the ejjergy ol' the electrons 
being ]U'oduc(Ml. 11 is idea was this. 

In a magnetic held, electrons do not luovi' in straight lines 
hut. in C/ircles, the radii of which dejX’inl on the kinetic 
energy of the electrons. Hence, tin? trajectories of electrons 
produced hy gamma rays will lx* circU^s in a cloud chamher 
S(‘t in a magnetic held'. Ajid the radii of these circles will 
serve as a measure of the (‘iiergy of the idectroiis. Tlx* gr(*ater 
the electroij energy, the gr(*aler will he the radinsof I he cir¬ 
cle'. 

'The technique pro|»o.sed ami de\(‘lop(‘d hy Skoheltsyji 
was a great improvement over the tools that were in use lor 



tl)o si inly IhiIIi of nucJojir pnx ossos ainl, in parl iciiiar, of 
cosiiiic rays. ()l»sorvi iji a rloinl (‘Jiairilun* placod in a ina^- 
judif iitdtl, till' pallis of oIitIioiis j)ro(hi(:LMl liy ganiiua rays, 
Ijo saw tlial they wera usually in I lie lorm of arcs of radii of 
dillVrcnl curvature;. The source of ^anima ray.s was placed 
near tlie chainluu-. 

SlvoheJlsyii measured acciiraleJy the railii of the curvature 
ol I ra jectories, <Ieleriuined t he (deciron energies and was able 
t o draw several important conclusions relat ing lo the mecha¬ 
nism of the interaction ol gamma rays and atomic electrons, 
as well as the energies ol the electrons. 

llowi‘ver, ol greatest interest in SlvobellsyiTs work were 
lhi‘ electron tracks which he lound in cloud-chamiH;r photo¬ 
graphs. They were not at all ciirv(‘d. From the nature of the 
track, and llu* ionization produced hy the moving particle 
j| was quile obvious that it was an t‘lt‘clron. d’he only trouble 
was I hat I his electron did not want to curve,despite the strong 
inagiKdic held. Skobeltsyn drew the corrt‘ct conclusion imme¬ 
diately. He concluded that these; rectilinear tracks are also 
an Sol circles, the radii ol which, however, are so great that 
th(‘ s(‘gmenls within th(‘ chambm’ do not exhibit the slightest 
curvature. His calculations showeil that the energy of elec¬ 
trons moving i ii such circl(‘s would have to lie not less than a 
thousand million (10®) electron-volts. I'hen* could be no doubt 
that such electrons are lu no way r(date<l to the gamma rays 
of radioactive subslaiic(*s used in his experiments. Skoheltsyn 
convinced himself ol this diri'Cl !y. Me rmnoved I lie; radioactive 
source and hegaii to take photographs of llie “mripty” cloud 
cliamlier s(‘l in a J ,.’i(lO-oersted magiudic held. 

.As ]i(* expected, tin* jihotographs of the “empty” cliamher 
did iudt‘eil exhibit I lie straight tracks of elect rous whose 
pallis the 1,000 (»(*rst(*d magnetic held couhi not bend. On 
1,700 j)holograjilis Skohelt.syn registmed ni*arly 200 such 
tracks. It. was abundantly clear that these tracks in the cloud 
chamber ludong lo cliarged ionized particles of cosmic radia¬ 
tion shooliiig Ihroijgh the cliamJier. Jl is also reinarkahle 
t Jial Slodiellsyirs jiiiotographs relatively friHfiieid ly exhibited 
not singh* tracks hiil donhh' and occasionally eviui triple 
tracks: onci* a qiiadrii[d(; track was didected. Since Skolxd- 
tsyii's cloud-rliamhm-photDgrapJis were stereoscojiic, it was 
clearly seen that these tracks do not in any way get into 



Olio pliolou^niph l»y accidtMil, and llial all I lioso doiild(‘S, 
Iriplos and (|uadrnpJos aro r(dali*d. II wo lollow tliosc^ I nu k-s 
back lind lhal Mioy all inlorsocl at one poini siluatL*d or¬ 
dinarily somowhoro close by I In* cbanib(‘r, most rn*(|iK*nl ly 
closer to objects that snrronnd I bo ( bainbor. 

The iiriprossion civati.nl was that I lie tracks obsor\(‘d by 
Skobollsyn are ot ‘i orroslriar* orif^in, I lia I I boy arc* not 
“cosmic rays,” but aro croalod as a result ol’ llio inl(‘raclion 
of some* sort ol* cosmic particles with onr torri‘slrlal atinos 
|)liere. That isliow the loHowin^^ (|neslion, which isso im|)or- 
iaiit for ail iiiiderstandi n^ ol the cosmic rays arose: Are I be last 
charpfed particles really cosmic ]»arlich‘S or are Ihoy ail of 
secondary ori^inVMaybe they arc* all simply oloci ronsknockc‘d 
out of atoms of niattc*r by cosmic rays. This assniii|)tion 
was ail the more jusliii<*d sinecs as we already know', cosmic 
rays in passing’ Ihrough the eartli s alniosphc'ic* an* stroiij^ly 
alisorbed. It mi^lil, lor example, happc*n lhal cosmic* rays 
proper coming in Irom outer space are in (be liiiai analysis 
indeed short electromagnetic weaves of the gamma-ray type, 
while the charged particlc*s are electrons of sc*condary origin, 
the same as Skobedtsyn obsc*rvecl w'lic*n he placc*d a gamma-ray 
source in a cloud chamber. Only these sc*condary electrons 
have tremendous ejic*rgies, thousands of limc*s grc'ater than 
tlie energy of electrons prodiicc*d by gamma rays from a nat¬ 
urally radioactive substance. Ami Ibis in its turn would 
mean that the cmergy of cosmic rays is Ibousamls of times 
greater than the c*nergy of ordinary gamma rays, d’lie assurnj)- 
tion that a considerable portion of the electrons observed in 
cosmic rays are of “terrestrial origin” iinds its conJirniation 
in the fact that at high altitude's (upwards of 22 km.) I be 
ionization produced by cosmic rays (Kig. 17) is h.\ss than at 
low altitudes. This means that a fraction of I In* sc*condarv 
ionizing particles do arise in the earth’s atmosphere. 

True, it might turn out that the cosmic rays ihc*niselves 
arc also charged particle's (maybe thc'se same electrons of 
stupendous energy). When these particles pass through 
the earth’s atmosphere, or interact with hodit*s on the sur¬ 
face of the earth, secondary electrons may arise. Kor this 
reason, among the tracks (iiscovered by Skoheltsyii in his 
cloud chamber there might he some that belong to the cosmic 
particles themselves. 
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How cniiM niK* wlu‘lli(*r Hit* primary cosmic 

rays too wimc charycd parlicifs or not? 

The ajiswer was very simj»li*. H(‘pcal Slvol»t*llsyn’s (‘xperi- 
nioiils oji a lar<»i‘ srah', ucl t he primary cosmic rays in a iriaf(- 
jiclic bcl'ori' I hey enler I lie earlJi's atmosphere* and check 
lo see if they are deJlecled hy lliis field. If they are, then they 
imisl be (‘harg(‘'l parricl(*s, and if Hu* inagn(*lic ii(*l<l do(*s not. 
deilecl I hem, I hen the cosmic particles have no charge. Jiut 
liow is OIK* going to cri‘ale such a held? Korliinalely, ills not 
n(‘cessary, tor we alri'ady have one, Hie magnetic tield of our 
earth, which is weak, it is true, with a slr(*nglh exjiressible 
not in lhou^aMds of oersl(‘ds but only in a iraction oi an oer- 
steil, bill tin* ad ion of Ibis magiii‘l ic fi(‘id extends over a vast 
reach of space*, and we* know ve'iy we*ll that the degree of 
elelleclion in a magnetic lield is de'lermined by the product 
of the strength of the magnetic lield and the length of the 
])alh lrave*rse<l Jiy llie [lartich* in this field. A weak field act¬ 
ing over a long distance is capable of changing the trajec¬ 
tory even more* than a si remg li(‘ld acl ing over a short elistance. 
''J'he earth’s field is neit sufliciemt lor charged jiarlicles 
of very liigli energy to e'xpeTie*nce a ])eTTeptibh* change in 
the*ir motion over short distance's. J{nt it can prove amply 
snllicieiil In de*lle'<‘l sliongly from Ihe'ir ree'liline*ar paths 
particle's prior In e*ntry into the earth's atmosphere*. 

Scie'iitists had long lH*en intere*st(‘d in the* mo\emenl of 
electrons in the* earth's magne*lic iie'ld during the* aurora ho- 
re*alis. (laicniat ions we*re* made* and e*ve‘n experinii*nts p(*r- 
formeel I hat de'ineinst rate*d the* hehavienir of e*le‘e*l reins passi ng 
close hy a magiie*tize*el j»aU, Ifoth calcnlal ions anel experi- 
inenls gave the* same result: under lJu! inlliience of the mag¬ 
net ic field of a magnetized hall, ediargeel particles bend their 
trajec!Dries he'ing atiracleel to its magnetic poles. 

'J’he acliem of the* magnetic field of the earth on cosmic 
rays shouhl he in every way analogous, if only they are 
iiidoe*d charged particles. The cosinic rays should then move 
leiw^ards the magnetic jioles, resulting in greater intensity 
of cosmic radiation at the pole (the geographic jiole is close 
to the inaguelic pole) than af the equator. 'J’he prohJern now 
was to investigate the intensity oi* Cfisrnic rnilialion at va¬ 
rious poiiils nil t he ('arlh’s surface in order to determine liow'^ 
this intensity varies with Jalifiide. 
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Ill tlio work i)\' iiiiUK'i'oiis exiKMlilions that sludiiMl 

l lio i iili'ijsit y ()i‘ rosjuit* radial ion al diUVrcid jf»L*o^ra|)hi<‘. 
lalilmit's was simiuiarizcd. I'lio iiioasurciiKMiLs showed 
al Uie (Mjiialor I he iiiUnisily ol eosinie radiation is nolici^aJjly 
Jess l.iian at I he in^lier Jal il ndes. Jt was rlt*ar iJjat the primary, 
as it. wt‘ri*, Indy cosmic parliclrsan? (al. least in part) ciiargecl 
parlic.h'S, ajid i'or lliis reason, soini? o) 1 si raighl I racks 
delected by SkobelLsyji in cloud-cliamber j)liotographs could 
ladong to cosmic jiarlicles tJiemsidves. 

What kijid of part icles were they? Wtiat \\as t heir energy, 
mass ajid cl large? 

Tiiese qiu‘stions could he answered only it' we succeeded 
in d(*viating them in a inagiadic held, hut wi‘ have already 
semi that the :l ,r)()0-o(‘rsl(*d held used by Skolxdl.syn was not 
sullicient to (hdlect them. Magncdic helds ol’ considerably 
grc'aler strength were Jieeiled. 


Jlow tile Positron Was Discoveml 

This problem was uinlertaken independeiit.ly by Kunze and 
Andersoji. I'hey used linger coils to produce ijj a large S])ace 
a magnetic held oi 20,(XK)-2.j,0Ut) oersteds ijito which was 
set a Wilson cloud chamber. 

I'his powerlul field had its alTect, and many ol’ the electron 
tracks, which in Skobeltsyn's j)hotogra|)hs ajipeared as 
straight lines, weie noticeahly curved in lhi‘ chambers ol' 
Kunze ami .\ndi*rson. 

Utterly une\|iecl.e<l, however, was I he lad. that, not all 
Hut particle trajectories were curved liy the magnetic held 
in one and the same dire<’lioji. Soiikj ol' the jiarticles were 
deviat(?d in ojie direction and oIJkms in the op[)osite direc¬ 
tion. A portion were dellected in the magnetic held just 
like electrons, that is, particles charged with negative elec¬ 
tricity, w’hiJo others were dellected as il they had a positive 
charge (see A ppendi.x, Fig. XIX). Kujize, and also Andtuson 
at lirst, considered one |>art ol* these particles to lie electrons, 
while the other part was thought to be charged positively 
(aj)parently protons), though as to ionizing capabilities both 
the ])ositively and negatively charged particles were singu¬ 
larly alike. 



Tlio energy of t liese j>arlicles could be (•iilculaled from I he 
(Mirval iire ol I lie Irajecl ories. For (lilTereiil |>articl(‘S il was 
(lilTer*‘iiL The greater portion of them had an energy of I lie 
order of a ihoiisand inillion eleci ron-volls, though some of 
the particles liad energies even sc*veral limes greater. 

A vt'iy Ihorougli sliidy of tluj qiK'slion ol interpreting 
parlicli' |>alhs in cloud chambers was made by Anderson. 
Jl had always l»een considered that a |>article moves down¬ 
wards, but it could he that they also move' n|>wards. If this 
hapf)ened IIkmi all our «leductions concerning tin* sign of the 
charge would h(‘ iiu-orrecl sima? tlH‘ c urvalure of a negatively 
charged ]»arlicle in i\ magnelic tield would be the same as 
that of a positively charged paiiicle moving in the ojijiosite 
direction. Thend'ore, st rict ly speahing, we are not able, com- 
p(*tently, to say from tin* form of tb(‘ track in a cloud chani- 
J)er whether a giv(‘n pailide is charg(‘d positively or nega- 
I ively. The sign of tin* charge* of a jiarl icie may nnambignously 
be di‘duced only when we know also the direction in which 
the particle mov(!d. 

IJow can we determine the direction of motion of a cos¬ 
mic jiarticle whose track is visible in a cloud chamber? 

Anderson found an ing(‘nions solution to this problem. He 
put across the middle of a cloud chamber a thick (5 mm.) 
lead [)lat(^ If the particle* passes through this plate (and 
we know that cosmie* rays j>(*n(*trate very big thickness(*s of 
matter) its initial energy will be n‘duced; this will result 
in a shorter radius of the curv(*d trajectory of the jiarticle 
after traversing the plate. 'Idius by jjhotographing the move- 
inemt of a particle t hrough a layer of lead and then compar¬ 
ing the curvature of the trajectory before its entry into 
the lead ami after it emerges, we will be in a po.sition to 
judge when? tin? particle entered the lead plate and this 
will give us its direction of motion. The latter is what we 
nee<l for a final decision as to the sign of the charge of the 
particle and al.so to d(*lermine r(‘liahly t in* pre.s(‘nce or ab.sence 
of |)ositively charged jiarticles in cosmic radiation. 

Anderson look .•<i*veral pictures and found in t h(*m some 
tracks that did not deviate as ordinary (di‘Ctrons do. While 
studying one* such photograph he nolici*(l an astounding 
thing: tla* picture (see .Apjiendi.x, Fig. X\) (‘xhibiled the 
track of a charg(*d particle that had pas.sed through a lead 



pliilo. Ill Ulo ujipcr pari ol’ l.hc cliambcr, al»ovo I he plah*, 
lliu trajectory ol llie parlicJo is sornewljal less ciirve<l Ilian 
in tlie lower pari. This ineaiit I fiat the parlich' inovetl with 
a greater sjm*i‘<I in the upper part Ilian in the lower, and that, 
therelore, the particle, whosi^ track is given in Fig. X\, had 
moved downwards. 

Knowing tln^ dir(‘ction of motion ol’ I In' jiarlicle ainl the 
direction of the magnetic field, it is possible to iletenniiKs 
the direction in which the particle is delloch*d hy I he mag¬ 
netic hold, and hinice also the sign of its charge, 'rin? jiarli- 
cle was loniid to he charged positivcdy. Amlerson at lirst 
thonght that this was a proton. Since the cnrvalnri* was con¬ 
siderable, it was jiossible to measure its radius. 'I'his value 
is very important Jiecanse with a kimwh^dgi* of the mass one 
can <‘a1cnlati' Irom I lu' curvature radius and the magiiitntie 
of the magiKd ic licdd I Ik; (‘iiergy of I Ik* particle. 1 he iin'asnre- 
ineiils IimI io Iht* followiiig <roiiclnsi»)ii: if this is the Irack 
of a pr»)Lon, tlien its energy after traversal ol the h*ad ])late 
slionid be only about .‘iU(),00() ehMd ron volt s. 'I'his r(‘snlt 
promptly told Anderson that I he jiarticle i n (piestion could in 
no way lie a jirolon. 

First, iirotons of this eiK*rgy have a ranges of no more than 
h Him., whereas the length ol the Irack as measured in this 
jdiotograph came to mor(^ than 50 mm. Second, the ionizing 
power of [irolons of this energy is extraordinarily great, 
and therefore the track should be thi(*k, wh(*reas in fact it 
iFnln’t dilTer at all from the tracks of (dectrons. One could 
state straightaway that the ionizing powin* of this particle 
is the same as that of idectrons. 

Anderson correlated the ionizing power f»f the particle, 
the length of its traji;ctory, and the curvature of the ra<rius, 
and concluded that Idii* mass of this positively charged par¬ 
ticle should be roughly equal to the mass of an electron and 
not a })roton. 

The part icle whose track .Xmlerson had observed inthecloud 
chamtier was of (dectronic mass hut was chargi'd posilirrlf/. 
This was a new species of |)article theretofori? unknown to sci¬ 
ence. It was called a positive electron, or “posil.ron.’' 

To conclude the analysis of the picture in Fig. X\, we 
need only say that the energy of thi' positron jirior to entry 
into the lead plate was <35 million ele»‘tron-volts, and alter 
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cnKM’gnuc' from il, <mly 2.'» million (‘loclron volls; lluis''lO 
jjiillioij (jli'ctrun-volts wuru lost in passijig lljrougli iJiu lutnl 
plfiiu. 

Folhjwing this iliscovory, many workers took iip the study 
of I he propi'rlies of |)osi Irons. 


The “Kirill mid Deatir' of Eleetrons 

Positrons \ven> iirsl discovered hy Anderson in cosmic 
radiation. Wry soon, however, it was foujid that they can 
also arise in terresirial conditions; lliey Jnay, for e.vain])le, 
he piixlnced hy gamma rays, reqnii'ijig for the purpose reJa- 
tively small energies- -one jiiiilion electron-volts. Jh?sides 
it was noted that posit runs [day no small nde in nuclear I rans- 
forinalions, as wilau'ss the part played hy them iji the dis¬ 
covery of the so-called phenoiinmon of arliiicial radioactivi¬ 
ty. We shall discuss this discoviTy in (ihapter Ml, for the 
jjresent wt? describe the (‘xpi'rimejits that uncovered the 
reinarkahle properties of the new positron particles. 

Since the discovery ul X-rays, scientists wttc engaged 
in the study of their altsorplion iji rlillerent media, d'he ])he- 
nomenon of X-ray absorption found broad a[>plicalion iji 
tt‘chnology and nKalicine ainl w’^as of great sciejitilic impor¬ 
tance. For this reason, it was necessary to make a thorough 
study of the law-s goverjiing this fdienoinenon. Numerous in¬ 
vestigations established the mechanism ol* the absorption 
of X-rays, it was foiuid that these rays are absorbed in 
atoms of matter. The energy of an X-ray quantum is trans¬ 
ferred to one of the extra-Jiuclear electrons of the atom, most 
ofteji to one in the /i-shell, the quantum itself disappear- 
ijig in the act. 

(^luantitative relationships were also established that 
d(‘tm‘iniJie<l the variatioji ol X-ray absorption as a fujictioJi 
of the energy of the (juantum (tJie frevpiency of the rays) and 
of the material of the absorber. The absorption laws of X-rays 
w(n*e extended throughout the entire range of frequencies 
w’hi(di were obtainable by the technical means then in use 
for generatiJig such rays. Using f|uantum mechanical methods 
it w^aspossible (o calculalc the absorption of X-i‘ays;equations 
were obtained that were in goJ)d agreement with experiment- 
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al (liil ii aial l lial niahliMi I he now l*(•^■||la^il i(‘s lo lx* c^\l cikIcmI 
lo a j^ivaU*!* I r(.M|ij(*iK y raii,i»;r. I hat is, lo rays willi higlior 
quauliiin oiK*i*gi(‘S. 

Since tlie nature ot ^ainina radiation is i<lontical with 
tlj(^ nature ol' X-rays (tJie j^arnina rays diiTer rroin X-rays 
ojily in tJi(' eneri^y ol tJie t|iianta), it was Jiatnral lo think 
that also tlie mca ljanisni ol' their absorption l»y various sub¬ 
stances would l»e lh(' same as in the case* of X-rays, and tliat. 
the (jiiant it alive laws, such as the depemlence of absorption 
on (ni(*rgy, won hi lx* e\jn*essed by one and tJi<* same equation 
both for ^amma (|uanta and fr)r ttn^ X rays. 

J nvest i^at ions t hat. were carried out conlirined lliis assiirnp- 
tion ,t>(*n(‘rally. It came out that, llx? al)Sorption of ^amma 
rays is ^ovtu niMl |iy t Ik; same laws as is t hat of X- rays. How¬ 
ever, this commoiijjess of Ihe absor|>tion laws obtains only 
if tlx? mierqy «)f a gamma-ray (|nantnm does not (‘xcee<l one 
million eh*ct roji-volts. When the st inly of the absorption 
of gamma rays of grealer energy was begun, it. was found that 
in achlition to t lie ordinary [)holoelecl ri(‘ absorption* for 
gaTuma rays of t'lxogy ine.\c(\ss of ont‘millioji electron-volts, 
Ihere e.vi.sted yet another type of alisorplion. (iamma rays 
of these eixugic'S are more strongly absorlx'd t Inui follows 
from the laws of phot (>el{‘ct ri<-. absorption. 

It was estaldislx'd that this additional absorption increases 
with the (‘iKugy of the gamma quantum. At a givmi t*nergy 
of lhe<|uantum it was also tlx* gri*at(*r, the grealei* the'atomic 
number of tlx* absorbing mattnial. For a long liim^ no expla¬ 
nation could be found for this jihenomenon, which was un- 
covtM'ed long before the discovery of the positron and which 
was knowJi as anomalous absor])lion of gamma rays. It was 
only after tlx? discovery of jxisilrons that tliis manner of 
absorption of gamma rays was foiuid to be inevitable. 

The anomalous absorpt ion of gamma rays turned out to be 
conneefed with tlx? origin of positrons, I’o understand this 
fact, observations were mmle of the absorpi ion of gamma rays 
in l(‘ad lillms in cloinl cliambers. 'to do this, a load ])late 
was j)lae(Ml iji a chamber and pictures were lakejj that regis- 
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roiis is tenacd plnjloclcctru-. absurpi ion. 



teretl llio pari icifs wliich nrisr in t his |)lal(* when it is irra- 
dialcMl with rays. 'J’iio cloini (liamher was placed in a 

magnetic iicid (u delonnino the cliar|:>;t> ot' (lie particles pro¬ 
duced. Many t>l the photographs exhihitcMl the tracks of pos¬ 
itrons. Fig. .\,\I (see Appc'iidix) shows such a photograph 
with the track of a jiositron arising troiti the action of gamma 
rays in a lead plate. Some ol‘ the pictures exhibit the tracks 
ol two parlich'S originating at one |)oint. These particles 
are always ihdlected hy the magnetic liehl in dilTerent direc¬ 
tions, and h('nce their charges are ot dilTen'nt sign. 

From the ionizing power ol these particles one could con¬ 
clude that they are ol I Ik' saim* (ehu tronic) mass; in other 
words, tin' observed ])arlicles were an elirtron and a |)osil ron. 

Positn)ns are thus horn by the action ot gajnma rays ot 
energy ahovi^ oik^ million ehM-l ron-volls. Thoy always arise 
in the torm ot two particles or, iji Ihi^ parlaiici* ol ])hysi- 
cists, in electron-positron “pairs." 'J'he tact that lead plates 
irradiated in a clomi chainher triMjuenlly give* rise to only a 
single particle, a positron or an electron, is (*x[)laini‘d by the 
observation that tin* other [)article de(h‘cted by the magnetic 
held in tlie op[)osite direction gels stuck inside the lead j)late. 

investigations ot cloud-chamber photographs taken dur¬ 
ing t he pas.sag(^ ot gamma rays Ihroiigli thin toils and through 
a gaseous medium conlirme<l tin* tact that I la^ positron always 
arls(‘s as an integral part ot an (dectron ])ositron pair. The for¬ 
mation ot pairs by gamma rays in various gas(‘s in cloud 
chamb(‘rs was studiiMl in did.ail by a number ot workers, 
includingth(^ Soviet physicists L. V. (iroshevand I. M. Frank. 
One ot tlie pictures obtained is .shown iji Fig. X.\ll in the 
Appendix. 

The ganima-ray-j)rodiJcetI pairs i)l)served in cloiid-chamher 
photographs enalded oju* more important conclusion to be 
drawn. Pairs are observed in cloud chambers in a inagmdic 
lield. Piut, as we know, chargetl particles in a magnetic held 
move in circles whose radii depend on th(> energy ot the par¬ 
ticles. lIiMice, their ejKUgy may he determined by the delh'C- 
lion ot the ])air ot partich*s. JTeci.se qnaiititat i ve experimejits 
were* |)ertormed with gamma raysemitt(‘d by thorium O". 
d'liis radioactive pr(‘paralion was .sel(‘ct(‘d hi'causi* llu* (‘iier- 
gies ot th(* (]nanta it. emits were w(dl known. 'I'hc^ es.senlial 
thing was that in the radiation ot thorium C" there is only 
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one soil of gairiiua rays ca|.al)lu of jirothiciii;* j^osil roiis. The 
eijj'j'^^y of llieir quanta cajiie lo 2A) fnillion rlerlroii volts. 

Measurerneiits of th(‘ track curvaluivs of tin; electron 
aiul positron showed that the total eiii*rj^y of both particles 
was in inaiiy cases e(|ual to 'l.(» iniUion el(*etron-volts. If 
we take into account that the sell-energy due to th(> mass 
of t he part ich* is approximately equal to O.o million electron- 
volts (both in the case of aji electron ajid a positron) it will 
be clear t hat all t lu^ energy of the gamma quantum of thorium 
C" jiassed to tin* idectron ajid positron. 

Thus th(‘ gamma (piantum vanishes (is absorbed) in the 
formation of a pair. Its (‘iiergy jiasses in |)art into the kinetic 
lOKU’gy of t he part icles of the pair (1.() million (dectron-volts) 
and partially (one million electron-volts) it goes lo produce 
the pair itself. 'File amount of energy reqiiire<l to form a [)air 
is determined from the mass of the |)artich*s of this j»air. 
I'he proc(‘ss of pair production may be written as: 

gamma ray quantum —velectron -|' positron!^ 

j 

when^ is an electroiit a positron, and y a gamma-ray 
(|uant.uin. 

Since the production of one pair recpiires the c‘\piuidituro 
of r)ne million electron-volts, it is understandable why the 
anomalous absoridion of gamma rays Ix'gins to be observed 
only when the energy of the gamma-ray quantum rises 
above oik^ million (dectron volts. 

Tosilrons are born not t)nly through th('. action of gamma 
rays, but al.so dm? to high-eiiergy electrons. 

A careful study of the mechanism and thc^ laws of posi¬ 
tron formation was made by theSovitd scientist A. 1. Alikha¬ 
nov and his school. Fly ingenious and precise ex[)eriments 
they were able to show that the quantitative relations that 
determine the [jrobability of positron production coincide, 
with a high degree of accuracy, with calculations based Oii 
quantum mechanics. 

'rh(‘or(‘tical conclusions preilicletl that in tlu^ proc(»ss ol 
t h(^ t-ransforniat ion of a gamma ray iJito a j)osit ron-electron 
pair a third body should participate. 'Fhis part is usually 
played by t he atomic nucleus, which does not change at all 
in t he {uocess but whose jjresence is necessary for the gamma 
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rays to produce the pair. Furthermore, tlie greater the rliarge 
ol t li(' iiucleiis, th(‘ Jiiori' ])r()hal)le will b(‘ th(' Iraiislormat ion 
ol* llie gaitima quantum into an electron and positron. It is 
])ri*cisi*ly for this reason tliat. tJie anomalous absorption of 
gamma rays ijjcreases with the atomic iiumluT of the ah- 
St)!’her. 

Sijice ])ositrons can ho ]»ro<luced in lerreslrial condi¬ 
tions, a Jiatural (|uestion is: Why were they Jiot ohserve<l 
helore? 1'he answi*!* is that they iiavt' a small lifetime, ex¬ 
isting only as Jong as they possess a hig kijietic enmgy. 
A slow-moving or stopped positron inli'racts witJi tlie elec¬ 
trons t)f the suhslance in which it is slowed down and as a 
result the tdeclron ajid positron ra/tisli, hut Jiot without, a 
trace: two gamma-ray quanta appear sliool ing out in opposite 
direct ions. I'iach ol them Jjas an eju*rgv ol roughly O.o million 
ih‘( troii volts. 'J"his j»roc(*ss may he written as follows: 

positron-|-(■l('cl ron > 2 ganuna (juanla (ha) 

'J'ht‘ di.scovery (»i the jirotluction and annihilation of [»airs 
impr(‘ssed the scic'iililic world no less than did t he discoviTy 
of la jioactivity in its linn*. .Inst as jirior to the discovery of 
radioactivity the alojns of mailer were helic^ved to he iinmn- 
talde and indivisible, and etenialJy existing, so also it was 
customary to regard charged partich^s (el(‘ctrojJs) as perma¬ 
nently (‘xisling, Jiever ludiig created or (lestroyed. Electrons, 
the physicists thought, could only j)ass frojn ojie body to 
another, carrying t ladr charge wit h lht‘in in the act. Sometimes 
the electrons could he lound fre(‘, hut in all cases and all 
|)Jiejiomena and |)roce.sses their niuiiher was considered con- 
stajit. And now it aj)peaii‘(l tdial this is not so: elections can 
disapp(‘ar; there can takc^ j)lac.e an annihilation of electrons 
(and also posilroJJS, of cour.se), acc!)nipaiiied iiy the ap|)ear- 
anc(j of gamma-ray (|uanta. Electrons coiihl also arise at the 
ex])ense of gamma (juanta di.sap|)(Niring. 

1dius, experiments in production ajid aiujihilation of posi¬ 
trons and eh'cl rolls deslroyc'd one more convention that had 
existed among naturalists, that of th(^ immutability of elec¬ 
trons; and they jirovided hrilliant confirmation of the prin¬ 
ciple of dialect ical irjat(MiaJisni concerning the mutual trans- 
forinahiJity of different forms of mailer. 



Ch a jft V. r VI 

TIIK AKTIFH^IAL TRANSFaUNATION 
RF ATOMIC NrCLKI 


In CliapliM* IV \vu ilisciJSscMl in cliHail Ilit; (‘xp(M*imonls of 
RiiUuMfonl and his ])npils (loaliin^ with IIk^ artilicial liaiis- 
iorrrial ion of al oniic nuclei, llowevin-, I he word “arl.i ficial” 
used to characterize^ these e.xperiiiienis calls for a certain 
explanation. Its use with respect to Jiullunford’s e\j)eri- 
iiieuts was lo emphasize tlje fact that the traiisinutation 
of nuclei was not spontaneous, lui\. was to a certain degree 
th(i “work of the experiinenler.’' And, indited, in tliese ex per- 
inKMits the artificial transforaialion of atomic nuclei was 
not wholly the work of the experinienU^r, for he had to use 
as |)roj(H-tiles alpha |)art ides which Ihernselves are tlie prod- 
ucl of I lie natural decay of atomic nuclei. It was of course 
quite Jiatural that experimenters wished to dispense with 
radioactivity an<l to produce a truly artificial transmuta¬ 
tion which would make use not of the alpha particles from 
jiaturally radioactive substance's, but of jiarticles (helium 
jiucJoi, hydrogen nuclei) to wJiich a big energy is arlilicially 
imparled in the laboratory. 

Already from experiments with the I ransformat ion of at om- 
ic. nuch?i using alpha particles it was obvious that, to jiro- 
diice nuclear transformations one ni'eded particles with 
(uiergies of sev(?ral million elect ron-volIs. This energy w^as 
nec(*.ssary so that the alpha particle might overcome the 
riqmlsive lorctrs and |)en(^trate into I li(^ atomic nucleus. 
It was natural to exfiect that protons with a smaller charge 
ami lher('fore experiencing less repulsion would be able 
with less energy to pemiratt! into th(^ nu(d(*us. Furtli(,*rmore, 
it. was demonstrated tiu'orel ically that particles of th(> most 
diverse en(?rgies, eveji of relatively small energies, could 
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Pfet into the inichMis. llowovrr, tlio probability of penetra¬ 
tion int o I lie nucleus (tepends on llie enerpfy of the particle. 
The greater the energy, the better are its chaiices of en¬ 
tering a nucleus in a collision. 

\V(^ shall Jiof. dwell hero either on I hc‘ involved calcula- 
tiojis of tin* tlieory or on an analysis of the equations ob¬ 
tained. From them it follows with complete assurance that if 
the e\p(*rinienl(*rs had at their disposal aljiha particdcs of 
lower energies but. in consid(‘rably greater quantities, wo 
would then be able It) observe the translorination of iiiichM. 
The naturally radioactive substances provide a relatively 
small quantity of alpha particles per second, whereas pro¬ 
tons can be had in much greater quantities. Recall here that 
a stream of protons equivalent (as to charge transfer) to a 
current of one miHiainfiere, consists of ()xiO** particles per 
secojid. F'urther nolo that in their first (‘xperiments phys¬ 
icists had to do with sources emitting lO’-IO® alpha par¬ 
ticles per second. Thus, it liecoines (^videjit that it might 
he hoped to obtain the transformation of nuclei through the 
us(> of ])rotons of rtdatively small energi(‘s. (Calculations 
showed that an eiUM-gy of the onler of vseveral hundred thou¬ 
sand (dect roii-volts (riOO.OOO to 000,000) would be amply 
suificient. 


The First Ajqmniliis for the ArtiKeial Disintegration 
of Atoinir Nuclei 

Tbe iirst successful atUuiipt to transform mich‘i with 
fast protons was made by (Iu(‘lvcrolt and W'alton. To iin[)art 
to the protons such big (energies they apf)lied the method of 
electric acceleration so often used in lal)oratories. 

Acceleration of charges in an electric field is fully analo¬ 
gous to the acceleration of hollies iji a gravitational field. 
When a stone falls it acqnir(‘S encTgy that increases with 
the height from which it falls. So also with an electric 
charge. Wlnm the latter “falls” in an electric field it 
acquires energy that ijicreasi's with tin*, “electric height” (the 
potential difTonuice) from which it “falls.” As the charge 
moves in the electric field it gains kinetic eruu’gy equal to 
the product of the charge and llie potential dilTerence. IJericc, 



if Avc wish to imparl to oloclroiis or protons an oiKM’gy of 
hundrCMls of Lliousands of oloclrou-volts wo imisl lirst of 
all create an electric fiehl with a difTerence of polenlial of 
this magnitude. But this is not all. Into tliis electric lield 
we must inject protons, that is, the positive ions of hydro¬ 
gen atoms. And this is still not ail. VVe must see that the 
protons introduced into the electric iield can “fall” freely 
in it so that they can acquire kinetic ejiergy. 

Since alpha particles and protons moving in air make 
collisions with molecules and lose their energy, it is clear 
that it is impossible to create “artilicial projectiles” if the 
protons are accelerated in an eh^ctric lield in air. 'Mie mol¬ 
ecules must be removed from I he j)ath of the prolons: in 
other w^mls, the eh‘ctric licdd mii.st Ixi crciated notin air but 
in a vacuum. At that time, the solution of such a problem 
was no easy matter. 

'J'rue, transformms for voltages of the onler of several 
hundred thousand volts were already being manufactured. 
And there eveji existed some unique ones for one million 
volts, lint they could not be used because a transformer suf)- 
plies alternating voltage? while what was Jieedcd was a con¬ 
stant electric field, direct voltage. There were ways of “rec¬ 
tifying tht‘ voltage,” that is, of transforming alternating 
voltage inlo direct, hut, to do this, ojie had to have a coiidens- 
iT of the required voltage and a rectifier capable of handling 
a doiihle voltage, that is, one of the? order of a million volts, 
'riiis was the first difliculty, l)ecausc at that time there were 
condensers and rectiliors (keiiotrons) for voltages of only 
200,000 volts. 

The .second, and possibly greate.st, difficulty was the re¬ 
quirement of a high voltage in a vacuum. 

Scientists W(?ro able to proiliice the required very high 
vacuum (a pre.ssure of less than one hundred-millionth of an 
atmosphere). And tlu*y were also able to create an electric 
field in the vacuum, as w'itiiess the X-ray tube, which is an 
evacuated glass tube with two electrodes sealed into it, 
oiKi at each end, and an electric field between the electrodes. 
This was all lamiliar. It was also known that the greater 
the electric field we wished to create, the longer must the 
tube 1)0 and the farther ajiart must Ihe cleci.rodes be that 
extend out of the tube. It would seem that all one needed 
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wns a of sNrfit'inil loD^lh ainl I1 h> jirobit'm )0 

soIvimI. Mill il Nvas alri*atly K'Jiowii llial Hjo lojiglli 

of llio (iihe is (.•llcctivu ujily U) a corlain liinil, a|>|)ro.\iMialoly 



FisL 20. Schom«nt ic, dia^nnin of llic 
CocJ\ crof L'AVa I ton I ubo. 


to two hundred thousand 
volts. No incmaso in longtli 
could oxciM'd this limit. 

Cochcroft and VV'allon had 
to solv(? two prohloms: ono 
W'as to cH'alo a constant 
idcctric liidd of ()0(),(K)d'- 
N00,000 vidts, the other to 
apply this voltage to the 
evacnatetl In he. 

They reasoiieil that if it is 
iin])ossil)li5 to apply to the? 
tnlio a voltage greater than 
200 kilovolts they wouldn't 
demand “the impossible.” 
'fhey decided to create lu‘- 
the elect roiles a po- 
tinitial clifTerence of only 
200 kilovolts, but instead 
(d‘ taking one pair of elec¬ 
trodes, they took live pairs. 
If aji electric field is creat¬ 
ed between the lirst ainJ 
secorid electrodes with a 
I) o I e n l/i a 1 d i lie r e n c e o f 
.200 kilovolts, ajid the same 
betwa^eji the secoinl ajid 
the thiril, the third and the 
fourth, and the fourth and 
lliefifth, and then if all these 
electric lields are in one di¬ 


rection, therewdllbe a dilTer- 
once of potential bet ween the firstand the Jiftli of 800,000 volts. 
This required Init one condition: that the ions undergoing 
acceleration should he allowed to pass between Uie elec¬ 
trodes from one electric field into the other. This was a rather 
simple matter; it was sufficient to make relatively small 
openings in tJie cejitres of the electrodes for the passage of the 
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ions. Expcnt'uco, howovor, sWowcii iiiai. Iniio oporaii'S 

more I'oliivljly il llio ioriii ot llio cliM'lroiios is sliglillv iiioi'o 
complex. Fig. 20 gives sctiernalic diagram of llieCockcroil- 
Wallon lube. Tlie JeUers 6',, C,, and C, deiiolo 

Ihe electrodes. A polenliai difference ol' 200,001) elecLron- 
volLs is (!Sl;tblislied betwemi each adjaceid. pair of «dec- 
Irodes. I)^, D^, and glass cylinders coiinecling each 



Fig. 21. Crane's Inbo built, on the Coekcroll- 
Wallou principle. 


pair of electrodes A special scaling preparation was used 
at the junction points of the cylinders and electrodes to 
ensure a perfect vacuum, that is, so that no air should get 
into the tube at these points The upper electrode C, had 
an opening through which protons from the discharge appa¬ 
ratus A entered the tube The jtrotons passeil through the 
electrodes acquiring an (mergy equal (in electron-volts) to 
the difference of poteiitial betw'een the first and the last 
electrodes, and hit the target P with tlie substance under 
investigation. Fig. 21 shows a Lube built by Crane according 
to the above principle. 
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Sucli was IlKi solulioii of ihe second |>rc)l»lein. l.o\ us now 
SCO liow the lirst problem, that ol* [iroduciiig a constant po- 
Ituitial, was soIvcmI. J n attacking t his problem, (^ockcrol't and 
Wall on made use ol earlii*!* recl ifviiig scheml^s aiui voltage 
multiplicatjon. To get an idea ol'the principie behind their 
ap])aratus let ns examine the diagram in Fig. 22. 
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Liit us assume that we have a translormer T that gives 
a voltage ot 200 kilovolts, losing a kenolron A', let ns charge 
cojidenser C\ lo this voltage. Let ns cojinect in series with 
this condojiscr auxiliary condensers ('\ and, in addi¬ 
tion, let us set up a group of condensers C,, (\ connected 

in series, each one ol' which must be designeil lor a voltage 
of 200 kilovolts. The group of condensers 6",, C\, C\ can 

be connected with the group C\, through a switch. 

All condensers liad one and the same capacity and the switch 
had two positions. In the first position, terminal is con- 
iiocted wilh /),, 7^ with 7)^, B^ with Z>..,774 with 13^ with 
D^\ ill the second ])Ositioii, TV, is connected withT^^j, B^ with 
7>j, 7^3 with 7>g, B^ wdlh 77.^, and B^ with 77^. These jiositions 
ol the switch are indicaliMl in Fig. 22 by difTin’ent lines; 
the lirst position is shown wilh a solid line, the second po¬ 
sition with a dashed line. 
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Wiicit will hapjHMi wlion w'C! fli[) on (Ik^ switch? First (Iho 
hrst position) condenser C\ will be connected in parallel 
with condensers (\ and both comlejis(‘r.s wiII charge up to200 
kilovolts. \V^h(?n tlie s.vitcdi is throwni to position two, con¬ 
denser C", will be (lisconnected, and condenser will bo 
connected in parallel with condenser C”, will then charge 
up to hall the dilTereiice ol the poteni iai wliich was on condens¬ 
er wiier(jas condenseir 6 *, will discharge by one half. 

Just like condenser it w.ll now have a potential dilTerence 
of too kilovolts. Now return the swdtch to tin; initial posi¬ 
tion. wdll again be conn(H*.ted with condenser C\ and 
will again charge up to 200 kilovolts. Sirrinltaiieously, con¬ 
denser which in this po-iitionof the switch will be connect¬ 
ed with comlenser w'ill also charge up. Comlensi*r C\ 
will <lischarge to TiO kilovolts, and con lenser (\ will charge 
to bO kilovolts. Now return the switch to the second posi¬ 
tion. (>)ndensea* C, will again be cojinocted wdtb condenser 
The voltage on them will become equal and will reach 
the average of what had l)eeii on both condensers. 6 ', had 200 
kilovolts, and (y^ had 50 kilovolts, so eacdi condenser w'ill 
now have 125 kilovolts. But, aside from this, condenser 6 ’% 
will partially charge up because it. will be connected with 
condenser 6 ^ 2 * l^^nndenser C\ w'ill charge up to 25 kilovolts, 
(loiil inuing this sw'it.chiiig process we will see that gradually 
all the condensers C\, C\ will become charged to 200 ki¬ 
lovolts, and the poteiilial ditlorenco at the (Mids /!,, A,^ will 
reach 800 kilovolts, the required voltage. And wdiat is more, 
the voltage is divided into [)artsof 200 kilovolts each, which 
is exceedingly important for operation of the tube, since it 
becomes possible to apply to each electrode tJio relatively 
small voltage permissible for its operation. 

in the actual apparatus, the switcliijig device w'as not 
mechanical. It was found possible to solve the problem by 
using a system of k(Miotrons that operate like a raechaiiical 
switch. 


The nisiiiicgratioii of liitlihiiii 

Let us now examine the investigations tliomselvos. The 
first experiments were performed with lithium, (kx-kcroft 
and WaltoJi W'ore right in thinking that it would be easiest 
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for hy‘lrogoii nucloi (prolojis) to pojict raltj I ho lilliium Jiu- 
clous since <lue to its small ciiargo (3 units) the repulsive 
forces l»elvvet*n this niichuis ami a jiroton would he less than 
hetweiui a lithium micUms and an alpha particle. 

'riu' I ransformal ion t)l lithium nuclei was ol)S(u-ved hy the 
method ol scijilillations, which required thal a screeji with 
zinc sulpJiide i>e placed at a »‘ertain distance from the target 
and protc‘cl(Ml liom direct j)rolon hits. 

Already iji the tirsl observations, it was loiiinl that when 
lithium was hemharded hy ]u*olons ol such com])aratively 
small (hy nuclear standards) energies as oCO to 8()() thousand 
electron-volts, hriglil scintillations appear on the zinc 
sul|)hi<l(^ screcui. It was tdnious that some sort of fjarlicles 
that ])roduced scini illations were being eji*cled Irom the lith¬ 
ium. Ilul what kind ol particles were they? May he they wore 
protons ijiipinging on the lithium target and scatt(*red hy it.. 

'I'o decide (his question, (lockcrolt ajid Walton interposed 
bet ween the screen and the iilirnini target thin jrlates of 
mica. I{y varying the tliickness of 1 Ik‘Si* plati'S and observing 
the niunher ol scintillations one could Jiotr^ the ]>late thick¬ 
ness at which t h(‘y ceased altogelhm*. 'riiis made it possible 
to determine t lie raiigi* of the y)articles, and hence, also their 
ojiergy. 'hhe range of partich‘S causing sciid iHal ions proved 
to he very big, corresponding to 8.^1 cm. of air. Such a largo 
range was reliable proof that the particles ol)served by scijitil- 
lations were not protons scattered by the* target, because 
sucfi |)rolons have ranges that do not exceed 3 cm. 1 ’huslhc\se 
particles are produced hy lithiuui as a result of its liom- 
liardmeut. hy protons. (Control experiJiienls. in which the 
lithium target was replaced hy a copjier target confirmed 
this conclusion l>ecause in the latti'r case no j)articles of 
range 8.^1 cm. were observed. 

Th(^ artiticial transmutation of eJimients became a fact. 
AV'liat kind of transmutation was this and wliat were the 
particles oliserved ? 

There was oidy one answer to this qnestioji. Since these 
jiarlicles ]U‘oduce sc/intillations and yet are not protons, 
llien llK‘y an' alpha [lai’licles, and, thendOn?, this protoii- 
prodiicecl nuclear I ranslormation sliould lie written as: 

J.V r JP - . JI(‘"H Jle\ 






lij wonis, this mi*ans tlinl i liUiiinn ijui Kmis iihsorhcMl a 
pmtoii and disiuU^^ral(‘r| in o I wo alpha parlich'S. 

I his (‘oiLciiisioii i*,onld hu r.|i(u*ki*d exixninnoilally since 
I'roMi Mil* Jaws ol‘ im‘ciiajiics il lollowi*d'l hai if as a result 
ol tin; ])(Miotratioii ol a proton into a lithiuin iiurleiis, IIjo 
latter is split into two alpha parlicles, liiese particles will 
tly a])art witJi equal eniujiry 
in opposite directions. 

Now, are two aljdia ])ar- 
ticles actually loraied in 
the Iransformal ion of lilhi- 
uni am! do they shoot out 
in dilTereiit directiojis? An 
answer to this question 
was the aim of th(^ work of 
Doe and Walton. 'I'hey de- 
citled to connect a cloud 
chanibcM* to tht^ t.iilH‘ in a 

which the transfonnatioJi ol 4 ? 1 / 
lithium took placis and 
observe the ranges of par¬ 
ticles produc(‘<l in t his I rails- 
forjualion. It was nosimple 
matter, of course, to con¬ 
nect the cloud chamlKu* to 



the tulie, since I he latter 
required water vapour, 
whereas the lube, in which 
protons were accelerated, 
Jiad a good vaciiuiii. With¬ 
out water vajiour the 
chamber would not. work, 
tube wouldn't work. Hut i 


T.ayeiil of lli(^ l)i?e aiid 
VValloii (‘xperiiiieiils. 

A window; n -- ipnmbiirdi'd by 

proioiis; C - sliuiUT; n-cloud cliarii- 
JjiT; S - liKbt source. 

and willi water vapour the 
way out was found. The end 


of the tube (Fig. 2l^) tliat enclosed the target B was made in 
the form of a net covered with a foil of mica that was so thin 


that high-energy alpha particles could pass through it. 
The mica foil ]iasscd alpha particles hut still served as a 
reliable barrier to air and whaler vapour. Thus one could 
have a good vacuum in the tube, the necessary elasticity 
of water vapour in the cJoiul chamber, and at the same time 
permit the alpha parlicles to |)ass from the lube iiita the 
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clinnilKM*. One* of llu* pliolograplis oblaintMl is sliowii in 
Fig. XXIJI (see Ai»ptMKliA). il gives a clear picUire ol pairs ol 
tracks of ali)lia ])articU*s sliooling out in opposite directions. 

The Cinergy ol an alpha particle? may bo (lotermined from 
its range; it was found to be 8.8 million electron-volts. 
Since Iherc are two such particles, their total kinetic energy 
will come tol 7 .t) million eleclroii-volts. Thisisaji enormous 
energy. Ami this fact ejiahles us to make a quantitativ.? check 
of extraordinary signilicance. 

All Experiiiieiitiil Verification ol* Kinsteiirs 
Kqiiatioii 

The question at hand is the relalioji belwcen mass and 
energy which was established by Einslt*in in the theory of 
relativity. As we pointed out above, in the relativity theory 
the relationship between mass m ainl energy E is expressed 
by the equation: 

/tZ-wnr (8) 

wdiore E is the energy of the* body, m its mass, and c the veloc¬ 
ity of light. 

Equation (8) is of extraordinary and fundamental signifi¬ 
cance. It establishes the relation between characteristics 
of matter (mass ami energy) t hat ha<l formerly seemed ijide- 
pendent. It is also exceedingly important to nuclear j)hysics 
since nearly the wIioU? ma.ss of a body is concentrated in its 
atomic nucleu.s. From this equation it follow^s, that the prin¬ 
cipal portioJi of the energy of atoms is locked up in the nuclei. 

We have alr(*ady had occasion to apply equation (8). We 
used it to exf)lain the mass defect of various atomic nuclei 
when establishing the energy balanc*.o in nuclear transfor¬ 
mation and tried to understand the possible nature of these 
transformations. Il()wev(?r, up till the 11 ) 30 ’s this equation 
had not been verified by direct experimental measurements 
because only big changes in energy could enable one to 
measure tbecliange in mass. The experiments in the transfor¬ 
mation of lithium nuclei made it possible^ for the first time 
to carry out an exjierimeiital check of the correctness of 
equation (8|. 
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Ill Ihoso oxpn-impnis, a proton of (Mior^y 800,000 olortron- 
volls iiiipingi 11 ^ on a liiJiiuni nucleus produces two alpha 
jiarliclos, wildi an overall loLal Ivinelic energy of 17.0 mil¬ 
lion elcclron-volls. Since no other energy changes lake place, 
the exxoss kinetic energy of the alpha particles (ll).8 million 
electron-volts) could only he related to a reduction in the 
mass of tlie nuclei of lithium and hydrogen. In this trans¬ 
formation, the |)articipating atoms are lithium-7, hydrogen 
and helium. 1'he masses of all these atoms are very well 
known (See Table V, p. SH).). 1'he mass of a hydrogen atom is 
1.00813 units of atomic weight, the ma.'^s of an atom of lith¬ 
ium is 7.0181(), and that of a helium atom, 4.00386. 

Let us compare the masses of the particles prior to and 
after the nuclear reaction. The sum of I lie masses of tlie atoms 
of lithium and hydrogen is 8.03620, and the sum of the two 
atoms of helium is 8.00772 units of alomic weight. Hence, 
the sum of the m is.ses of two helium a'oms is 0.01807 units 
of atomic weight less than I he sum of tiie masses of the atoms 
of lithium and hydrogen. Hut we alri^ady know that 1.07x 
10"*unit of mass corresponds to an eiuu'gy of one million 
electron-volts, and 0.01857 unit of mass will correspond to 
17.35 million electron-volts. 

To summarize, when two alpha particles are fornuMl from 
a lithium nucleus and a proton tliere is a reduction of mass, 
and simultaneously of energy, that corresponds to 17.3 
million electron-volts, and at the same time energy 
is released (in thi> form of the kimdic energy of alpha parti¬ 
cles) to the extent, of 16.8 million electron-volts. Hoth of these 
figures, of which one is computed from equation (8) and the 
other is measured witli an accuracy within the limits of 
experimental error, coincide. 

Thus the study of the disintegration of lithium nuclei hy 
protons permitted an experimental check and confirraaliou 
of one of the most important equations in nuclear physics: 

Kr=mc^ 

Philosophers of tlie idealist school endeavoured to use 
this equation to prove that “mass is converted into energy,*" 
and that consequently I hematter which they so hate is “de- 
rnaterializml,” it “vanishes.” In actual fact, however, nothing 
of the sort takes place. 'J3ie reasoning ol these idealists 
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ahoni, “tlio Iransrorinalioii ol' mass into oiicrgy” docs not 
liiuJ ajiy conlirniat ion iji oqnalion (8) and is tlio result ol* a 
piirposcrul dislorlion ol* the gemiiju* scicjitilic content of 
tJiis iM]nation. 

Ecinatiuii (8) sIjows lliat a definite quantity of any typo 
of ejier^y is always associated with a delinile quantity of 
mass. For this r(?ason, aJiy ijicrease or decrease of energy is 
accompanied hy a (l(*crease or increase? in mass hy a value 
d(?termin(‘(l l)y this (MjnalioJi. In (‘acli case, including the 
nuclear reaction Li’ |-,IF considered hero, the 

laws of the conservalion of nia.ssand I he conservatioJi of ener¬ 
gy are obeyed. 

Energy is a characleri.'^tic of the motion of matter: mass 
is also a characlerisiic of mailer. Thus, equation (8) is a 
l)rilliajit coidirniat ion of dialcTlical materialism, which 
stales that I here is no matter without motion, just as there 
is no motion without juatter. 


TJie Villi d<? (fraalf (Jeiieriitor 

The success of the experiments of (’ockcroft and Walton, 
who succeeded in IranslOrmiiig nuclei with artificially accel¬ 
erated jiarticles. and an awareness of the fact that the mag¬ 
nitude of tin? electric Held places a limit on the possibili¬ 
ties that ari.se, made scientists si?ek other ways and methods 
of increasing the kinetic energy of particles. 

One of the succe.ssful attenijits to obtain a high potential 
was that of Van de (iraafi*. lie succeeded in modernizing 
the weri-known electrostatic machiii(‘ and in using it to 
acc(*leral(‘ charged jiarticles. 

Tala* an insnialefi s|)here and try to charge it as much as 
possil»le, that is, to as high a potential as possible. 

In physics experirm’Jits at .school a common demonstra¬ 
tion is that of charging an insulated jiith ball. 'J'o do this, 
anotber charged object (for example, a glass rod, rubbed on 
cal’s fur) is Inongiil into contact witli the? liall. V'siiig this 
simple t(*cliiiiqne it is po.ssible to charge I lie pith ball to 
a ralln*r small degr(?e. 'IMiere a»*e many factors that limit 
the allaiiim(‘nt of a liigli jiotential —first of all because there 
is a small charge on the rod itself. Better results may be 
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nchioved if tho chnrgo is traiisferrod from Iho cliargcd rod 
li) llio ball majiy liint's iji succfssion (Ibat is wbat is usually 
dono ill (vk*(*lrostatic inacliiiios). Kach portion of electric 
charge brought in by tlu^ rod would increase tlie charge of 
lh(^ iwill. Mut we would soon reach a certain limit. 

One of the most imporfant reasons for the limit of elec¬ 
trization ol lhi‘ ball is that in fact it is not fully insulat- 
(id and during the interval between two communications 
of charge a part of it h'aks away. And lla* leakage increases 
with the charge* of the^ ball (with r(‘sj)ect to surrounding ob- 
jecls). 11 is obvious I hat t ei achieve* a bel.le'r charge of the ball, 
we* must snj)ply greater and grealer ejuantit ies of charge 
with greate>r freeineoicy. The be^st thing is to su[>ply it with 
e.‘le*cl l ie*, cliarges continuously. 

Am! on llie^ other hand, atteunpls must be^ inadeOo re*duce 
the le*akage e)f edectrie*. chargvs from the ball, l.eakagej 
losse\s are* due* to two causes: first, the* charge le*aks out 
through the* insulation to which the* ball is atfached; see*.onel, 
the cliarge leaks olT the bail into the*, air. With increase 
in [)olenlial, lesakage increases beith through the insulation 
anel via the air. 

It was buig ago e‘Stahlished that, the amount of ediargc 
leakage through the air depeiiels e)n the size of the ball anel 
on the condition of its surface. The greater the radius, 
the le*ss \ hi) le^akage. Any irre*gii lari tie's on its surfae*.e, (^spe- 
eially shiU'p projendiems, conirihnie appreciably to charge 
leakage. 

Willi this knowledge, we* can feinmilalo the ivepiirernenls 
for charging a ball to a high ])ole*Jiliai. First of all, tlieliall, 
or ‘Vondiiclor,” as it is calleel, should he large in size?, with 
a radius eif several me*l re*s. It shoiilel he as smooth as possible, 
wilhoiit irregularities and jirojeedions on its surface. Anel 
the allempt shenild he? rriaele to imjiarl lo it continnonsly 
as large a charge as |)ossihle. Of course*, t he hall should l)e as 
far as |)(jssible from surrounding objects. The best thing 
weiiild be an empty reiom with srnoolii walls with the ball 
properly insulateel. 'bo ine'et. t he’sej reejuiremenls was no 
easy task and Van ele (iraafT liael te) overceime many differ¬ 
ent c()m))iie‘at ieuis. 

Fig. 2d gives a eliagrani of a Van ele* (iraaff electros!atic 
generator using a Iraiisfemner 7Mo create a potential of sev- 



oral tens of thoiisaiHls of volts; to a system of points O 
(our diagram shows only one point) is conveyed a potential 
of such a jnagjiilude llial intensive dischai'ges begiji from 
the points. A cojistaiit potential must he maintained on the 
point so that only charges of one sign arc discharged. For 

tins reason, a rectilier K 
(kenotron) is connected in 
the transloriner circuit, ajid 
sometimes also a cojidenser 
C to equalize the potential. 

A belt A of insulating ma¬ 
terial (rubberized material is 
best) is kept in constant mo¬ 
tion past the points from 
which a charge is removed. 
The positive charge is trans- 
ferrecl onto this belt and to¬ 
gether l,h(‘.y move towards the 
shell yy. Inside shell B, which 
is a conductor, is a device D 
(also consistiiig of a system 
of points) that removes the 
charge from the belt. 

Charge removal takes place 
as follows. When a charge 

_ located on the belt ap- 

lll proaches point D, it induces a 
chai*ge of opposite sign on the 
I oiiit (in this case, a nega¬ 
tive charge). 1'he positive 
luj;. 21. Diaurajiiinafic sketcli charge arising on the poijit is 

of a \'aii do Graall oJoclrosta- transferred to the roller p 

tic goiiorator. connected wdth the point. 

The negative charge leaks 
off point D and destroys the positive charge on the belt, 
whereas the positive charge on the roller p j)asscs through 
resistor li onto the outer surface of I he conductor B, In 
this way, tlu' flow of charges transferred by the belt passes 
to Ihe cojjdnctor, charging it and creating a difference of 
potential between tliii conductor ajjd surroiuiding objects 
(ground). The charge on the conductor may be ijicreased if 
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the hell is iiiaiU* not- only lo Iraiisfer positive cliarges to the 
eouductor but also lo remove iroiii il negative charges. For 
this purpose, a system ol points E conneeted with the inside 
surface of the conductor B is arranged inside the shell oppo¬ 
site the roller p on the outpoint side? of this l)elt. Since the 
rurreut of positive charges going from roller p to condiiclor B 
passes through resistor J{, there appears a voltage drop oji 
this resistor which is the greater, the bigger lhi‘ resistance B 
and the charge conveyed by the bell.. Now, roller p is charged 
]U)sitively with respect to conductor B, ajid hence also with 
respect to poijit E. It is always possible to select the resist¬ 
ance B such that the potential ditTerenci* between roller p 
ajid conductor B could bring about a discharge from poiiit E. 
Sijice the potential of roller p is gn^ater than the potential 
o conductor By Jiegati ve charges will leak oil ])oiiil £*, whereas 
j'odtive charges of the appropriate magnitude will pass 
over to the outer surface ol the shell. 

In a word, theji, the belt introduces into the shell a posi¬ 
tive charge and removes the negative charge, thus charging 
uj) the shell to a |)oint where the charge leakage becomes 
ecjual to the charge coming to the sliell. Wherci do the charges 
from th(* shell go? A part leaves the sludl through the tube 
coimectcMl to conductor B: this is the “uselur’ cnrrejit. The 
othcM' part leaves through the n'sistors (for instance, through 
the ijisulation of the shell) and through the so-called coro- 
jja. 1'he Corona current is esscmtially what determines 
the potential to which the shell is charged. The greater the 
curvature radius of the conductor, the greater the potential 
to which it can be charged. 

The tube to a Van de GraalT generator is ordinarily of 
the type of the Cockcroft-Walton tube. Since it is neces¬ 
sary to supply this tube with a sectional potential, the usual 
procedure is to connect to the conductor B (parallel to the 
tube) a potentiometer, that is, a resistance divided into as 
many equal parts as there are sections in the tube. Given a 
direct current, there is an equal voltage drop on equal re¬ 
sistances, and therefore all the potential on the potentiome¬ 
ter is split up into several equal parts, each of which is 
connected to an individual section of the tube. 

The necessity of making the conductor very large, and al.^o 
of keeping it as far away as possible from surrounding objects 



inakt* flr(‘l ruslal i(! ors uji\vi(‘l«ly ami (‘\|K‘nsivo slriic- 

lures. 1 liey usually ri‘(|uire. speeial luiil(rnij>s. By way of 
illusiralion we ^ive s(*veral plioloyraplis of eh'ciroslalie 
giuK'ralors. J’’ig. li.‘) shows one of I he jirsi eleel j'(»sl alic* rua- 
cliiiies. 1’liis“linUr ^emualor has a cumim lor willi a tlianieler 



lliccinisinlir eciirralor willi a condiiclor 
diamcUT ul hvn inidri's. 

A — cliai^r-carryiri'' hrll; /• — coiiUiK^tor; 7’— trarisfuriiicr 
lor oliurging boll; ll — lubo; L — iiisulriiors. 


of two metres. It is capable of accelerating particles to 1.5 
million electron-volts. 

Fig. 26 shows another electroslatic generator that con¬ 
sists of two conductors, one becomes charged positively, 
the other, negatively. Each of the shells has a diameter of 
about 4.5 metres. The difference of potential between the 
shells can reach five million volts. 

The big drawback of electrostatic generators is their un- 
wieldiuess. But this deficiency can be overcome. It is pos¬ 
sible to reduce leakage of charges from the conductor not by 
increasing its size, but by improving the insulating quali¬ 
ties of tile medium surrounding the conductor. 


m 





11 hfls long 1)0011 known that comprosscMl prases possess 
far greater electric sl rengtli than ordinary air. And so sue- 
cesslul attempts wiM*e made to enclose electrostatic genera¬ 
tors in special laJiks in which the gas was under a pressure 
of several atmosjiheres (at present the firessuri^ w'ithiii genera¬ 
tors reaches Hi atmosph('res), and to Jill them with a gas 
that possessed coFisiderable 
electric strength. 

Naturally, the tube, in 
which the charged particles 
are accelerated, also has to 
he placed in this tank. 

A generator of this type 
is shown! in pholograpli 
XXI V (see Appendix). This 
is a double photo. First 
the inside arrarigemojit of 
the generator was photo¬ 
graphed, and tlien (on the 
same plate) the gcnieratoi 
as a whole, 'riie accelerat¬ 
ing tube in this generator, 
as also in thedockcrol t-Wal¬ 
ton tube, is made of separalo 
parts divided by metallic 
electrodes, to each of which 
is connected a part of the 
total voltage generated in Fig. An oloclmsLalic. generator 
the unit. The tube together capable of developing live million 
with the insulati ng supports volLs. 

of the conductor is mounted 

inside the tank wdiere the pressure of the gas is as much as 
16 atmospheres. 

A few figures will give the reader some idea as to the size 
of this type of electrostatic generator. The generated potential 
is tw^o million volts and the length of the tube 142 cm. The 
diameter of the metal tank reaches 135 cm. w^ith a length 
of 305 cm. A generator of this kind easily fits into an ordinary 
room. At prcsojit, such generators are made to produce a 
potential of five million volts. 

Electrostatic generators are now widespread. They make 
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il possihlt* \i) irnp.irl I n parlirU*? oiior^rit'S oF IIk* onlor of five 
iniUioii i.'li'cl roll- voll^ wil li ivhilivoly siI'ung (■iinviils llirougli 
tlio hihc. Their reniniKahh* (|iialily is (‘iise ainl sinoolli- 
iiess ill vullti^e eoiil rol (wliicJi is cu liii‘VCMl, lor (‘.\ninpie, 
by varying I la* chargiiig curreiil), ajiJ also staliiJily ol llio 
voltage ohlaiiieil. 


A(M*el(‘nitioii by an Altoriiaiiiig Electric Field 

Eloelrostalir generalors eijal»le<l seicoilists lo accelerate 
cliargeil paiiicles to ejiergies of live milliou electron-volts. 
])Ut eveji such energies proved too low. It was necessary to 
increasi* llie energies of I he particles. To do this with high- 
voltage a pparatus was iiripossi hie a ml so other ways of accel¬ 
erating ions had lo lie louud. Though it may seem strange 
al lirst glance, hut allernaling vollagi‘ was what was used 
lor this [Mirjiose. (jedit lor this inethod of acceleration goes 
lo Lauritseii ami Sloaiie. 

Mow' can ions he accelerated hy alleruating voltage when 
a variable held periodically changes the direction of electric 
force acting on tlie particle? Durijig one part of the time 
I lie particle will ho accelerated (when t he direction of the 
force coincides with the direction of motion), but during 
1 he other part (when the ili recti on of the electric field changes 
and the lorce is directed against the movement of the 
jiarticle) it will he deceleraled. M a particle is first accelerat- 
e<l and then deceleraUMh and the deceleration contiiuios the 
same length ol time I hat the acceleration does, it is hard to 
expect that this motion will produce any considerable ener¬ 
gy. It is jirecisely fur this reason that physicists strove to 
accelerate charged particles through the use of a constaiit 
electric field. 

But a way was found to obviate the dilficulties involved 
iji accelerating charged particles in an alternating electric 
field. Su|)|K)Se that lielwccn electrodes A and B (Fig. 27) 
there has been create^l an alternating electric field. Let us 
j)lace between these electrodes a numhoi* of tubes labelled 
C,, C 3 , 6 \. Thesis lubes play the part of electrodes, the 

only dilference h(*ijig that such electrodes are of a special 
type since there is no electric field inside the tubes. When 
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a diffcMriK’o of polciitial is ajiplictl to Die lubes, Hw rlectric 
fii'ld triU bit I’lirlosctl in /hr .sf/ace bflircvii. the Inbi'x, whereas 
inside the lubes Ihnnselres there will be no field. Since the 
electrodes are tubular in lorin, the jtarliclc's being acctder- 
ated can pass through them Ireely. 

A charged particle moving Irom A lo li will experiejicc 
the acliou o! the held only in the space between the tuhes, 
while inside the lubes they will mo\e by inerlia. Uy vary¬ 
ing the length ol the tubes, it is possible* (o vary the time 



interval during which the jmriicle is outside tin' action of 
the held. Let us connect the elect rodes .1 and li a nd the tubes 
C\, 6'j, 6'., (.\ toget her so t hat elect rode ,1 ajid I nbes and 
have one”poLenlial, and electrode />‘and tubes and t.', will 
have the same potential but diflerent signs. 

Lt't us assume (to be concix-te) that I lie potential of elec¬ 
trode A is greater than that of elect rode Jl. 'J’hen a positively 
charged partiide in moving Irom electrode A lo lube 6’, will 
bo accelerated by the ehu tric lii-ld, but on the section from 
tube to tube (that is, in moving li om a .smaller potential 
to a greater potential) it will be decelerated. This will be 
repeated in its lurther motion (from C\ lo (\ it xvill gain 
speed, and from to it will slow down), if a time-cou- 
slant potential dilTereiice is applied lo I lie system of tubes. 
The acceleration of jiarlicles will be diflerent if to the elec¬ 
trodes A and I) (and hence also to lubes <.\, C,, and r’J 

there is applied an altermiling potential dillerejice I —1 „ sin 
tat. 
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Lrl ns assiinio Mial a posilivoly charged particle emerges 
from electrode ,( at tin* instant Mie electric field is directed 
from -1 to yf (that is, the potential of electrode A is higher 
than the ])()lenlial ol eleclroth? B) and has a maximum value. 
Under (he action of the (‘lectric field it will move from A to 
B and gaiji in speed. When the particle reaches tube (\ it 
will have a(M|uired an miergy equal to where c is the 
charge of the particle, and \\ is tlie maximum potential 
dilTerejice between A and (\. AVhen the particle passes in¬ 
side the tube, the electric tield will cease to act on it, and it 
will move at a (OJislant speed. While it is in movement 
inside tube (\ the electric iield will change, the potential 
di(Terenc(? between -I and (\ will diminish to zero, and wdll 
then chajjge its sign, that is, the potential at electrode 
will l)ecome gr(‘ater than that at electrode A. Let us select 
the liMiglh of tube C\ such that at the instant the potential 
di(Terence betw(‘en A and C\ reaches its maximum negative 
value, the moving j)arl icle will have reached the end of tube 
(\. Tube f, is follow^Ml by tube (.\ connected with electrode 

so that the potentialsoLl and ari^ equal at any instant 
of time. 

Since at the ins!ant being described, that is, when the 
moving particle has (uihn-ed t.hi‘ space between the tubes, 
the potential of electrode B will be greater than the poten¬ 
tial of electrode* .4, the particle will again gain speed over 
th(* path Irom (\ to (\ and will acquire additional energy 
(•((ual to cV^, 1’hus when a particle passes inside tube 
(where there is jio electric field) it will have an additional 
eiKU'gy 2c\\. 

As the j)article moves inside lube the electric field 
belNve(*n the tubes and I he electrodes will continue to change, 
'file potential <lilTereiice will again change its sign and the 
potential of electrodes and (\ will again become greater 
than at electrode B and lube U.,. 

Ltd- us s(*lecL a length of tulie such that at the in.stant 
(he potential difference between A and B reaches a maximum 
value, the particle will have reached the end of tulie 6’,. 
Since T, is followed by a new- electrode 6’., that has (die same 
])otent ial as electrode B, the particle will again speed between 

and f7.., b(*cause at this instant the potential of electrode 
C\ will be greater tJian the potential of electrode C^, Having 
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passed iiilie l-lio parlit-le will liav(‘ an (MK'rj^y equal lo 
2(;Vq. llelweeji (\ and (\ it will again lie aereleraled, and so 
on. When tJie particle reaches cleclrod(» /y, its energy w^ill 
he equal to because over the patli .1/y it will have been 

accelerated five times. 

The remarkable thing is that the particle accumulates an 
energy iclLhouL havinf! once passed through a difference 

of potential greater than 

This accumulation ol'energy was possibhj because every 
time the electric field changed Jrom acceleration to decel¬ 
eration, the particle was in a space devoid of an electric 
field. This was the essence of the Lauritsen-Sloane idea. 
If conditions were created such that the particle is 
outside the electric fi(dd when the latter is changing its 
direction, it is possible to impart to the particle being accel¬ 
erated a large ejiergy by means of a relatively small alter¬ 
nating voltage. It was foiuid that it was not only possible 
but even more convenient to use an alternating electric 
iield (instead of a constant one) to accelerate particles. And 
big electric fields wen» not needed. One had oidy to handle 
the movement of the particle wilh care aJid protect it from 
the action of the electric field at those instants when the 
field was directed unfavourably. 

It is easy to figure out how the length of tlie tubes Cj, C, 
C.,, ... (inside which the particle moves) should change dur¬ 
ing the time the electric field changes from one maximum 
value to the other, oppositely directed, one. Since wii demand 
the transit time of the particle inside each tube should be 
one and the same, namely equal to one half the period of 
voltage variation, the length of these tubes must increase 
just as the speed of the particle does. The speed of the par¬ 
ticle varies as the square root of its eiuu'gy, and the energy 
of the particle inside each successive tube increases by one 
and the same magnitude, 


1: Vl : /3 :1 T: ^5 : 


where Z, is the length of the first tube, the length 
of the second, etc. 

If the number of such tubular electrodes is n, then the 
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riior^ry fUMjnircMl by Ihr parlicla (hiring its travel 
Irom electrode* A lo elecl rode^ />* will obviously be: 

(// ; 1 ) 6 * 1 /,. 

1’!nis il appears possible lo com muni cate large energies 

10 parlicb'S tlirough tiu* usi* ol a small p()t(*ntial difTer(*nce 
!/„, it we lake a sysleni ol a large number ot elect rodes of the 
j)roper lenglh. 

Lawr(*jic(‘ Iried this nielliod and be siiccei*d(‘d iji accelerat¬ 
ing ions ot mercury lo an energy ot l.2()0,000 electroii- 
voits hy using a sysleni ol .31 i‘l(‘ctrod(*s, belw(*eij wliich be 
appliefl a polenlial diHerencc* ol /(2,()00 volls. 

Mercury ions w(‘r(‘ s(‘l(‘cl(‘d as tin* particles to be acceler¬ 
ated so as to reduce tin* lre(|U(‘ncy ot 1 healU‘rnatingcurr(*nt. 

11 must be recall(*d that lo accelerate particles one must 
liave iiigli-trecjuencv oscillating (‘lectric lields. At an energy 
ot one million (‘ledron-volls mercury ions have a velocity 
ot 10** cm./s(*c. It lakesl()~’sec. lo cover a distance ot 10 cm 
I'lieretore, the onlinary oO cycle vollage is no good lor the 
•tvccvlevalion ot jMolicies. The \oU,ivgv^ fve(jvu*ncy must ho 
apiireciably greater; not le.ss than 20 millions ol times per 
second must thevollag(^ change so as I o be able lo accelerate 
ions ot mercury. I'o accelerate protons one jk'iuIs a held that 
varies as rapidly as 300 million tim(‘S ])er s(‘Cond. The 
necessity tor lields ot high tre(|U(*ncy and at I he same time the 
huge size ot the a|)paralns were lactors that pr(‘vent(*d the 
method suggested by Laurilseii and Sloane Irom iK'coming 
widespread. However, at the pre.sent lime, in vi(*w ot the 
progress achi(*ved in vacuum techni(|U(‘S and (‘leclronics, 
these difficulties are heing ov(‘rcome and lin(*ar acc(‘l(*ral()rs 
(this is the name giv(‘n to mac!iin(*s oyierating on the priii- 
cipl(*s ol the Laurilsen-Sloane method) are being developed 
further. 


Tlio (\vcIotrou 

The large number ot el(*ctrodes was an esseni ial drawback 
in lh(* above-described method. Lawrence suggested using 
only two electrodes, but in a inagiad-ic field. 

A charged particle in a constant magnetic field will move 
in a circle. The radius of curvature ot the circle R depends 



on tho mass of the moving particle, ils spcuul ainl llie magni¬ 
tude of the magnetic field. This relaliun is giveji by the equa¬ 
tion: 


whore R is the radius ol curvature of the tra jectory of tho 
particle, m its mass, 11 the magnetic intensity, ami c the 
charge of the moving particle. It may be seen from this 
equation that the radius of the circle described by the mov¬ 
ing particle is directly proportional to its sp(*ed. If the s|)eed 
of the particle varies, the radius of its trajt!ctory will also 
vary, and (this is extremely essenlial) the radius will change 
exactly as many times as the velocity. We know that the 
lojigth of the circumference is proportional lo its radius, 
(hmsequently, the time during which a charged particle 
moving iji a magnetic held sweeps out a circle w*ill be the 
same, irrespective of the speed of the particle. This time is: 

u rlJ 

Equation (10) shows that the time diirijig which a [)articlo 
moving in a magnetic iield describes a circle depends only 

on the magnitude of the magnetic field and tho ratio-j-. 

For particles of a given mass m and a charge e t he period of 
revolution T will bo constant if the value of 11 is constant. 

Lawrence utilized the fact that the time of complete rev¬ 
olution is independent of the energy of the particle. He 
made the electrodes, between which there was created an 
oscillating electric field, in the form of a hollow cylindrical 
box cut into two halves (Fig. 28). There was no elect,ric field 
inside each box (just as in the case of the cylindrical tube 
of the linear accelerator). Tho fhdd exists only in the space 
between these electrodes, and isu.sed to iiniiart energy to the 
charged particles. 

If two such electrodes are placed in a magnetic field and 
if its intensity is selected such that the time T becomes 
equal to the jieriod of variation of the electric field, then a 
positively charged particle emerging from electrode B at 
the instant the difTerence of potential between B and A is 




Fig. 29. Cyclutron cliaiiibor. An ion I’oniied at point P moves in a 
spiral nnd(T the action of a magnetic field perpendicular to the 
plane of the ilrawijij^ and experiences a successive series of acccler- 
atioTis in (he f^ap between the halves A and B of the arcxiorating 
chamber; it is then deflected by means of a dellecting plate D and 
emerges tlirough window W. 

positive, will gain specMl each lime it passes from electrode 
to electrode. 

Fig. 29 illustrates the trajectory of a moving particle. 
Let a particle emerge ironi point P at an instant when the 
potential of electrode A is greater than the potential of elec¬ 
trode /i. Ill time Tj2 the particle wdil have described a semi¬ 
circle and will emerge from electrode Ji and will begin to 
move in the direction of electrode yl, but during the time 
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772 the poloiitial flilTereuce will hnvo changed its sign. 
The potential li will become greater than A and the particle 
will again gain speed, inside electrode A the ])article will 
move with a greater velocity and during Ihe time 772 it 
will again <lc\scribo halT a circle (of a greater radius), 1‘ollow- 
ing which it will again be accelerated in moving from A to 
/?. Thus every time a particle passes from electrode toelect- 
rode it will be accelerated. The radius of motion of the par¬ 
ticle will increase with the acceleration. So, to impart to 
the particles higher energies it is necessary to make the 
electrodes larger. The region of the constant magnetic field 
must also be the biggi*r, the higher the energy of the parti¬ 
cle. By taking a big enough chamber and magnet, it is possi¬ 
ble to obtaiji particles of cojisiderable energies. 

The machine operating on this principle became known 
as the cyclotron. Just as in a linear accelerator, particles in 
the cyclotron are accelerated by using an oscillating elec¬ 
tric field. The magnetic field is needed only to regulate the 
movement of the charged particle and enable it to pass the 
gap betweem the electrodes at the lime wluni the electric 
iield in it is favourably directed. 

The cyclotron prijiciple proved very fruitrul; Lawrence 
soon obtained a beam of deuterons (a deuterou is the nucleus 
of deuterium, or heavy hydrogen, the hydrogen isotope of 



Fig. iiO. Tho clianiber of a cyrlotion. 
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mass Jiiiiiilu'r 2) ol* i‘i»‘rgy Ihivo to fivo million and later 
10 million cliM-lron volls. Besides this, he succeeded in gel¬ 
ling beams oi j)r()lons and iielium nuclei with energies of 
several million eleci ron-volts. 

As we have already |)ointe«l out, the magnitude of energy 
acquired l)y a particle in the cyclotron depejids on the size 
of I he machine. 1’he gn^aUu* the energy of the f)article, the 
greater the radius of its trajectory in a magnetic field. In 
iJie case of a given radius, the energy of ])rot()ns, deuterons 
and helium ions will dilTer. The greater the mass of the par¬ 
ticle, the less will be its energy. Still more pronounced is 
th(^ idlect of the charges of the ion undergoijig acceleration. 
The en(*rgy acquired by a j)arlicle in a cyclotron of given size 
is proportional to the .‘^(juare of the charge of this particle. 

Kig. 20 shows t he chajiiber of a cyclotron ajid Fig. 21 gives 
a general view of a cyclotron with pole pieces 1.5 metres in 
diameter. Kig. 22 illustrates the cvclotron in “action.’’ 
The track' of a beam of deuterojis Jiiay be seen with an em*rgy 
U|)wards of 15 million electron volts. The track is visible 
b(>cause the air t hat has l)eeji ionized by the beam of d(*iilerons 
lumin(‘.sces. The dislance traversed by d(‘uterons ol this 
energy in air is a|)prox imately two metres. 


The Itelntroll 

The cyclotron is one of the most ingenious of physical 
tools. To it goes credit for a good portion of the successes 
achi(*ved by modern jiuclear physics. It was pr(^cisely the 
cyclotron that put into the hands of scicMitists those “projec¬ 
tiles' which were so necessary for studying the properties 
of atomic nuclei. But this machine too had its imperfections. 

To see why, hq us turn again to equation (10) which 
determines the period of revolution of a charged particle in 
a magnet ic field. As may be seen from this equation, the 
cycle of accelerated particles is a iunctioji not only of the 
magnitude of the magnetic held, but also of the mass of the 
moving particle. For a particle to gain energy from the oscil¬ 
lating electric field, it must pass through this field at definite 
intervals, to lu' more exact, when the direction of the elec¬ 
tric field coijicides with the din'ction of its movement, other- 
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Fig. 31. Genera] view ol the cyclolroii with I.j-mctre diameter polo piece: 





































































Fig. 32. Cyclotron with l.i5>metre diamotiT poJe piece.*?. A beam of deutcrons is seen with an energy 
exceeding 15 million electron-volts. It luminesces due to excitation of air molecules; the beam emerges 
from a window covered by a thin aluminium foil. 
















































wise this pi^rticle will not be acceleinlcMl by llic electric 
held, but will bo relardeil. Sijice the time interval (luring 
wbich the electric held changes is strictly cojistajit, i I is iieo 
essary t hat the period of mol ion of the particle should 
likewise be constant. Hut, as is seen from e(|uation (10), the 
period of inolioii of the particle depends also on its mass. 
Now the mass of a particle is not a constaiit value. It is 
approximately constant only lor low speeds, that is, in the 
case of small (UK'rgies. (liven sulhciently large energies, the 
mass of the ])articl(j begins to grow perceptibly. Ilie greatm* 
the energy of the particle becomes, the greater the (lef)arture 
of the mass from I be rest mass of the particle. The change 
iji mass brings about a change in the period ol ils molion 
along the circh', which becomes larger ajjd larger. The par¬ 
ticle lu'gins to lag in r(*aching the gap betwi*en I In* halves of 
the chamber where the electric lield exists. 1'his lag ri‘snlts 
at lirst in the particle jiassing the electric held not at the 
maximum potenlial but slightly later. It then receiv(‘s less 
energy from the held. Hut subsec|uent lagging increases to 
such an extent that the particle begins to enter the electric 
held when the latter is turned in the op[)osite direction. 
The particle will then begiji to lo.se the energy it has gained. 
In order to avoid this, ttie particle must Ik; stop[)ed alter 
it has been accelerated to the en(;rgy at which ils mass be¬ 
gins to change coJisideral)ly. 

This limit energy value is Jiot the .same for all particles. 
It depends on the speed of the particle, ajid hence oji its 
mass. Thus, the mass of a proton changes perceptibly already 
at an energy of several millioji electron-volts. For this 
reason, to accelerate jirotons to aji energy exceedijig 10 mil¬ 
lion electron-volts, one has to rdsort to all kinds of tricks. 
Deuteioiis, which liavi^ mas.ses greater than that of the pro¬ 
tons, may be accelerated to still greater energies. It is still 
easier to obtain artilicial high-energy alpha particles. Dif¬ 
ficulties due to change of ina.ss begin to be felt only during 
acceleration beyond energies of 20 million electron-volts. 

Quite dilTerent is the situation with electrons. Their mass 
is small, nearly two thousand times less than that of a jiro- 
ton. Already at energies of 10 to 20 thousand electron-volts 
their velocity approaches close lo that of light, and the mass 
change becomes noticeable as the energy of the electron 
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iii<’i'(*ns(‘s. ft is obvious, I iJiul. tlio cvTlolroii Ciniiiot 

be msimI to a( i‘i*li‘raU* uliTlroJis. 

For a I()ii.t» tiiiii* it was lliou^lil llial tlio only way lo acrol- 
oratc^ (‘liTiroMS was Ihrouf^li lli(‘ (lin'd, use' of liigli polt'iilials. 
llow('V(*r, ill Ml'iO, KorsI surn'C'dc'd lor I he lirsll iine in accel- 
eraliii^^ ('lt‘<.*l ions willioiil applyiii^f a high voUage*. 

Ill ills machine, Kersl iilili/i'd I In* pheiioiiK'jjoii of ele('- 
irornagneli(‘ iniliidioii. Hecall whal (‘h*d.roinagji(*lic induc¬ 
tion is. If we lake a circular circuil (coiidlicfor) Ali(' (Fig. 



-j.'jl. \Vli(!ii I In* uiagiij’lic. Jlux vai i(‘.s in lli(‘ 
ABC^ an (•l(‘rlrojnnl.ivL‘ force of indnclion arises. 


3U) and place it in an alleriiating magnetic field in such a 
way that the Ihix of magjielic lines of lorci^ passing through 
this circuit changes, a cliaugc of the magnetic lln\ will 
induci^ in circnil ABC au electromotive lorce of induct ion 
K which depc'iids on tln^ rate of cliaiigi' of the magnetic flux. 
I'Jie electrornotiv(^ force produced in tlii^ circuit ABC is due 
lo an electric field (the lines of force of which have th(> 
form of closed curves, for (‘\ample, circles) a|)peariiig around 
a changing magiu'tic lic'ld. 

If we force a charg(*d ])article t o move along such a curve 
(for examjdo, ABC), then during tlu' wholt; time the magnet¬ 
ic flux changes it. will gain speed, if the direction of its 
motion coincides witli the dir(*ctioii of th(^ lines of fone of 
the induced electric field. Aftt'r a complete cycle, this |)article 
will have gaijied an energy e(|ual to eE (c is the charge of the 
particle, E the magnitiule of the electromolivo force of 
iiiductioh). If wc were aide lo compel the particle to move 
arcniml the circle ABC twice, the aciiuired eiim-gy would 



incroiiso lo 2eK, ]ii 10 ivvoliil ions I In* parl icli* would linvo 
an oiKTgy ol lOr/i and so lorlii (on Uio roudilion, ol' course, 
tlial during Ihis uiolion, Mie rnagiiolic field (:haJJg(‘d al a 
conslant ral(‘). 

To hiwo Ihe cliar^red parliele acquire mor(^ ejuTf^y in each 
revolulioii, vv(^ mnsi eularge the circnit AHC and make the 
magnetic liidd change at a tast(‘r rale. Ihjwever, even if 
the eiKM’gy ac(]nir(‘d [»y the charged ])articJ(^ during one rev¬ 
olution is small (only some lew elect ron-volls), the part icle 
may he accelerated to energies of several million electron- 
volts, if w(; make it do several million revolutions about the 
circle AHC, 

(Consequently, for the accoleratioJi of charged particles 
by ail induced eleciric held, these particles must make a 
large number of revolutions about a changing magnetic flux. 
W(» already know how lo forci^ a cliarged ])arlicie to move 
ill a circle: the trajeclor}/ of the particle must he in a mag¬ 
netic field. Ily sidecling a magnidic held of proper si/e we 
will be al»le lo make a particle of given energy describe a 
circle of given radius. 

'Jims lo accomplish induction acceleration, two magnetic 
fields are requinal: one, a variable magnetic held, around 
whicJi th(! parlicle mov(*s (this field accelerat(\s the par¬ 
ticle); the other magiudic held must be along the trajectory 
of Idle particle (this lield controls the motion ol the particle 
making it move in a circle of given radius). 

What kind of controlling magnetic held should there 
be? Obviously, it should also be variable in time*. Indeed, 
the energy ol a jiartide moving around an accelerat ing mag¬ 
netic held constantly increases with time. If in this process 
the controlling magnetic held remained constant, the ra¬ 
dius of the tra jectory described by the [larticle would grow 
constantly with the acceleration of the parlicle just as in 
the case of th(*, cyclotron. 'tlK* change in the curvature radius 
of the trajectory of a particle moving with varying energy 
in a constant magnetic lield is doliiied by equation (9) which 
we have already Inupieiilly made use of. This same equation 
indicates a way to make the charged particle move in a 
magnetic field in a circle of constant radius. What is required 
is that the increase in the energy of the iiarticie be correlated 
wdtli an increase in the intensity of the magnetic held such 



that Hio ral.io wiijllc sVioiihl ivmaiii conslaiil. If wo succeeded 
ill doinj^ t his, I lie charged particle could move in a circle 
of a deli nil e radius as long as the ratio intijile remained con¬ 
stant. 

For the ratio mujlle to remain constant, the following 
condilions are necessary: 

1) the accelerating and controlling magnetic fields must 
vary in linn' according to one and the same law; 

2) the intensity of the coni rolling inagnetic field must 
1).^ one half of the nu‘an value of t he intensity of the acceler¬ 
ating magnetic lield. 

Ilesides Ih(‘se condilions, acceleration requires that both 
magnetic lields change all the tinu^ in one and the same di¬ 
rection (for exain|)le, increase). 1'his reiiui remenl is due to the 
direction of the iiuluc<‘d electric lield <lef)(Miding on the sign 
of the change of the magnetic lield. When the magnetic field 
increases, the direction of the induced electric lield will he 
the reverse of what it is when the magnetic field diminishes. 
If the accelerating magnetic fiehl alternately increases and 
diminishes, the jiarticle will also alternate in acceleration 
and deccderation.'J'o obviate l his,vve must usea monotoiiically 
varying inagnetic field. This circumstance im|)()ses a certain 
limitation on the (‘nergy of the particle being accelerated 
for the simple reascni tliat we cannot change the magnetic 
field monolonically an indefinite lime. A inagnetic field is 
capable of growing only lo a cerlain valni^ (if the magnetic 
flux is cri'ated in iron, the magnitude of the limit magnetic 
flux is delermincMl by saturation of the iron). After this 
the magnetic field will either he constant or will begin lo 
diminish, if we continue to feed Iho magnelizing winding with 
alternaling current. Thus, in an induction accelerator, the 
])ro( ess of accelerat ion mustcoiiti nue a very definite period 
of time, lollowing which the particle must he removed from 
the accel(‘ralor, otherwise it will begin to decelerale. 

Ho\v much (‘iiergy will the parlicle succeed in accumulat¬ 
ing during this time? Does this energy depc^iid on the frequen¬ 
cy of the alternating cnrrciiL? At first glance, it may seem 
that t h(* higher tln^ Ireijnency of the alternating current, the 
greali*r will h(* th(‘ energy gained hy the electron in the 
process of accideral ifin, hecaiisi't he higher t h(‘. frequency, the 
faster the magnetic lln\ chang<*s, and I he faster the magnetic 
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flux (•hange^s, llio givalor tho imhicoil rio *1 roiiiol.ivc force, 
ajul with it the energy a charge acquires diirijjg one revolu¬ 
tion about a varying magnetic iield. 

However, the frequency of tlie alternating current does 
not actually produce any effect on the final energy of the par¬ 
ticle being accelerated. The energy a particle acquires dur¬ 
ing one rovolutioji increases witli the alternating-cur¬ 
rent frequency, yet since there is a limit on the increase of 
the magnetic flux imposed by saturation of the iron, this 
limit will be reached the faster, the higher the rate of growth 
of the magnetic field, and therefore the duration of accelera¬ 
tion of the charge will be less. And so, with a higlier frequen¬ 
cy of alternating current, the energy acquired by a cliarge 
during one revolution increases but thonuml)erof revolutioJis 
decreases. A more rigorous calculation shows that the maxi¬ 
mum energy that a charge can acquire during such an iiiduc- 
tion acceleration does not depend on the frequency with 
which the magnetic field varies, but does depend on: 

1) the absolute magnitude of the change of magnetic 
flux passing through an orbit described by a moving 
charge; the greater this change, the more energy the par¬ 
ticle will acquire; 

2) the time during which the particle makes one revolu¬ 
tion. The greater the radius of this orbit, the more time will 
th(j particle spend in moving around the magnetic field (at 
the given maximum value of the flux) and the less will bo 
the energy that it acqui res as a result of acceleration. The mass 
of the moving particle will also affect the time of motion 
around the magnetic field. The greater the mass, the less 
the speed of the particle (at a given energy), and the less 
ejiergy it will acquire during acceleration. 

Thus, induction acceleration requires that we make the 
charged particles do a tremendous number of revolutions 
around achajiging magnetic (lux. It is quite natural that the 
particles must move in a good vacuum. Every encounter 
with air molecules will produce a change in the required 
ratio between tho energy of the particle and the magnitude 
of the coJitrolling magnetic field. For this reason, induction 
acceleration is done in a circular tube (having the form of a 
torus) that is highly evacuated by a system of vacninn pumps. 

But all this is not yet sufficient for a particle to be able 
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to mako sovoral million fwoliitioiis without hitting the walls 
ot the circular tube, (londitions had to he cr(?ated that would 
make the motion ot tlie charged particle stable. In the case 
of slalde molion, a particle that lias slighlly departed from 
the correcl [lalh does not go astray allogt‘lher, Init is auto¬ 
matically put l)ack on the correct path, 'the lack of stability 
of mol ion was the chief cause for failures i ii early attempts with 
theindiiti ion accelerat(»r.Kerst was the Jirst to show that if the 
controlling liehl is made to ranj also in span\ and in such 



Fi^. >y. Diiigi'iininiaLic skclcli of Kcrsl’s jirst IxMatroii wliicli dcvcl- 
0 [kmI 2.3 million cIccLnm-volts (llic dijnensions art* inilical(‘il in cm.). 
— circular i.uIk* wljrrc clrclrons arc a<*ivlcrnlcd; /< •—piiu* wliicli in- 

liaU^^ clcclrms; - mafjncl core. 

manner that it diminishes from Ihe cejilro to the jieriphery, 
then the mol ion ol particles iji such a controlling iield be^ 
comes stable, and they are capable t)f making a tremendous 
jiuinlxM' of revolutions about Ihe changing magnetic Ilux, 
and all in a detinile orbit. 1’he accepted term lor this orbit 
is Ihe eciuilibrium orbit. 

Kersl's work was a success. The first machimi in which 
electrons were accelerated to 2.3 million electron-volts, 
called a helalroii, was so small that it (*asiJy fitted into a 
lalioratory ile.sk. The strnclure and size of this betatron is 
shown in Fig. [Vi. Fig. 33 gives a general view of it. In ilc- 
sign, the betatron is much like an ordinary transformer, 
ill which the se condary wiiidijig is reim>v(‘d and replaceel by 
a circular cbaiulu*!* where Ihe particles are accelerated. 

The betatron is so simple*, chea|) anel relativedy easy to 
biiibl that it lias lu'cojne* an invaluable tool in the* haiiels of 
the investigator. Scientists iiiimedialely began to study 
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and nlilizn iTie nnwly Hiscovnrod possibililios. A year aflor 
1li(‘ lirst bc'talroii willi ils 2.i4 million idcctrou-volls was 
buill, there appeared a lu'talron Axhieh accelerated electrons 
to energies ol 20 million el(‘Clron volts. 

In this Ix^talron the radius ol* the equilil)riiiiri orliit is 
19 cm. Ill the process ol* accederation, the (dectrons make 
3r)(),000 revolutions covering a distance ol' about ^i20 km. At 
the present time, a bcdalron (shown in Tig. 21)) has lH‘en 
built that imparls to electrons energies ol 100 million elec¬ 
tron-volts. 



Fifi. oo. GciKM-al vii^w of 2.3 iuiJlioii oleclroii-volL bcLatrou. 


The be tat roil is a remarkable machine; its invention, 
together w'ith the invention ol* thc! cyclotron, ojiened up a 
new stage in the study ol* the atomic nucleus. But it too has 
its restrictions. The betatron can only be used to accelerate 
light particles, such as electrons. It is not worthwhile accel¬ 
erating heavy particles (protons, deulerons or alpha parti¬ 
cles) with a betatron. Recall that the jiarl ides will be acceler¬ 
ated during a definite interval, during which time the par¬ 
ticle must, make a large number ol* revolutions. The greater 
the number of revolutions it makes, the greater will be the 
kinetic eriiTgy it gains. It is clear that the greater the mass 
of the particle, the lower will be its Sfieed, at a given kinetic 
energy. Therefore, sucii a particle wdll spend more time in 




iriakiiig a ro\oliilion ahoul llic' variaMo juagiiorii* IIua, and 
during Ili(‘ innvaso ot llio flux il. will siicmMl in making a 
smaller JiuinlK*i* o! ri'volulions: ainl lliis will rrsull in loss 
eiHM*gy boing acMjuiri'd. Kor Miis roason, I bough I ho bol a- 
Iron isavory (‘flVclivo loo! lor aicoloraling oloclrons, il is 
poorly lit lo accoloralo I ho lioa\i(‘r jjarliolos. 



Fi^. fiO. view nl' JOU-inillion (•l(*«;lroii-vol! hcialroa. 


In viow o! I ho spooi fie lea hires oF I ho cyclolroJi and I ho 
bolalroji, a jioculiar “division of labour’ has sol in. 1Mio 
cyclolron is used lo accoloralo I ho “lioavy” parliclos, and Iho 
botalron oloclrons. 

The botalron has onablod largo onorgios lo bo imparled 
to oloclrons. The jiossibililios of the botalron are in this 
rospocl incomparably groalor iJian wjiat the oloclrostatic 
gonoralor can giVo. Hul I hoy loo have a limit. The oxisloncu 
of this limit was |)oinlod out by the Soviol scientists D. L). 
lyanonko and 1. Poinoraiichuk. 1'hoy noticed that 
oioctrons moving insider a botalron must, whoji movijig in 
a circular orbit, radiate eloclromagnol ic waves.* The greater 

* Fnun llic Jaws of (‘Iim Irodviianiics it follows Hint a cliargo un¬ 
dergoing acceloralion sliould radialc (dtrlnunagnelic waves. 





the energy to whidi the eledioii Jins lieeii ncci'leriiJed, tlio 
greater tlie intensity ol the waves it itnliates. At very high 
electron energies, the radiation iiileiisity becomes so great 
tliat the loss oi (Mim’gy by the eledroii (dne to radiation) 
becomes coiii|)arable to the energy acquired by the electron 
from the varying magnetic field. Naturally, when the ener¬ 
gy gain due to acceleratioii ajid the energy loss due to radia¬ 
tion become e((nal, the electron will no longer increase its 
energy. Acconling to the first calculations, this limit sets 
in at approximately oOO million electron-volts. 13ut, in aclii- 
alily, as L. A. Artsimovich ajid 1. Y. Pomeranchuk have 
point(‘d out, the eb'Ctron will cease to gain speed in the beta¬ 
tron bid'ore the energy loss by Ihe electron due to radiation 
becomes equal to the energy acqniriMl by accohu’atioji. To 
understaml how radiatioii limits Ihe energy to which an 
electron juay be acccderaled, rcM-all that in the iKdatron an 
electron is always moving iji a constant orbit (tliii so-called 
e(|uilit)riiim orbit). This is possible because the magnetic 
iield in which the electron moves increases with the energy 
of the electron. The eiangy variations of the eleciron must 
lie strictly coordinali'd with idianges in the magnitude of 
the magnetic lield Kquation (!)) shows that the cojitrolling 
magnetic lield in the betatron must increase with the momcm- 
tnm of the electron. Hut dne to radiation the (uiergy of the 
ehuitroii will ijicrease more slowly than is called for by the 
change in the magnetic flux. The momejitum of the electron 
will increase more slowly than the controlling magnetic 
lield. The magnetic lield will begin to deflect the eleclroji 
more strongly; this will result in the radius of its trajectory 
beginning to decrease, and instead of moving in an equilib¬ 
rium orbit, the electron will begin to spiral into the centre. 
The more radiation there is, the faster it will spiral, and the 
electron will eventually plunge into tlie wall of the tube in 
which it is being accelerated. 

A detailed analysis of the infliience of radiation on the 
acceleration of electrons in a betatron w^as carried out 
by L. A. Artsimovich and I. Y. Pomeranchuk, and also 
by D. D. Ivanenko and A. A. Sokolov. They established that 
the energy lost in radiation depends on the radius of the 
equilibrium orbit and increases as the fourth power of the 
energy of the electron. Radiative losses of electrons acceler- 


197 



alcwl itj) lo 100 million (.‘loclroii-volls are not p:roaK niul Ujo 
radius ol I he equili hri um orhit i hauges only a lew ceul ime¬ 
ters. llowev(‘i*, lull her increases in the energy of the electron 
enlarge the radius of the equili hri um orhit to such an extent 
that the (‘l(‘ctrons begin lo impinge on I lie \^'alls of the tube. 

1'hus electrons acccderaled in a betatron radiat(> ehriro- 
ma^nrtic warrs. Wi* havi^ alrc^ady pointiMl out (p. 78) that 
visibli* light also consists of (‘b'ctromagiKdic waves of a V(M*y 
delinilcj Irequeiicy range, (oven certain conditions of acccd- 
eration, could not tlie (dec!romagnelic waves emitt(Ml by 
electrons ill the betatron liecoine visiJiJe? ^ es, this ap|)ears 
possilile. 

d’ho frequency of the radiation einitteil by an electron 
is a function of its i'iu*rgy ovm* the e(|nilil)riiini orhit. (livcni 
an equilibrium orbit radius of .‘iO cm., electrons acceleraliid 
to .'Vj million el(*cl ron-volls should (‘luit electromagiudic 
waves of a frequency of the ordiu* of 4>; 10*^. Kays of this fre- 
(|ueiicy belong to t Ikj hmI jiart ol iJie visible s|)(*ctruijj. When 
electrons are accelerated to HO million electron-volts tlie 
freijuency of the electromagnetic radiation ri‘aches a value 
in the neighbourhood of lO'*^ to 10'*^. d'bese are rays Irom the 
ultraviolet part of t lie sped nun. 1'lie conclusion we arrive 
at is remarkable: electrons acc(*l(n‘aled in a betatron to 
energies of several tens of millions of elect roii-volts should 
radiate visible light. I’bey will become “luminescent” elec¬ 
trons. No involved techniques, siicJiasthe use of cloud cliaiii- 
bers or (jidger-Miillor counters, will bi* needed to detect, such 
electrons, for they will he visible to the unaided eye. 

The existence of such “glowing” elect rons was soon con¬ 
firmed. It was found that electrons accelerate*! to .dO million 
electron-volts begin lo radiate visible* light: the electron beam 
looked like a dark red strip. At 80 million eledron-voUs 
t he elect ron lieain was a briJliaiit shining si ri]) of lilnish white. 

The invention of the belalron and cyclotron made it 
possible to accelerate charged parlicles (idectroiis, protons, 
indium ions) to (exceedingly high energies. The limit to wliich 
particles could be accelerated by high-voltage iriacliines 
(from three lo live million eJeclron-volts) was pushed for¬ 
ward a great eiislanco. (diargod particles could now lie en¬ 
dowed xvith energies np to 100 million elect ron-volts. How¬ 
ever, even this did not satisfy men of science. The discovery in 
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cosmic radiniion of mesons and of sl ron^? inl oracf ioo hoi ween 
mesons and alomic nuclei jdacod on I lie agoiida Hie prohJoin 
of buildin^^ a (■col era tors capable of accelcjraliri? parliclos 
to the cosmic level, that is, to energies in the vicinity of one 
thousand million (dodroii-voUs. 'I'liis ji(‘cossity sfiurrcil scien¬ 
tific workers to refine* the acceleral ing principles of the cy- 
clolroii and the belatroii. 


New Types of Charged-Particle Accelerators 

An interesting ilevelopment of the princijile of particle 
acceleration using an oscillating fiehl w^as suggested ])y the 
Soviet ])hysicist V. I. Veksler and, indepeiidently, by the 
American physicist McMillan. As has already be(Mi pointed 
out, the energy increase in the betatron is limited by loss of 
energy duo to radiation. During its n^volution around the 
magnetic flux, tlie electron acqnirc'S too little imergy, 
only several electron-volts. Now, is it not possible to maki* 
tlie el(H t roll gain in one revolution not a lew electron-volts 
but several thousand, that is, just as much as a cliarged nar- 
ticle acquires when acceleraled in a cyclotrori. If sucli were 
the case, the energy limitation for electrons would increase 
siihstautially. But it is imjiossihlo to accelerate electrons in 
a cyclotron because their mass varies wiIh energy, and tliere- 
I'oro, their period of n.'Volutioii is not constant. liowev(*r, 
already at an energy of one million electron-volts an elec¬ 
tron attains a velocity only five percent below that of light. 
Since (Ik? velocity of light is the limit lor particle speeds, 
it is clear that any energy increa.sc* of thi? (dectron above 
one million electron-volts practically does not cliaiige 
its speed. This means (hat if an (?lectron moves in a 
path of constant ladius, it will cover the path in one and 
the same time. The constancy of the period of revolution 
makes possible acceleration by an oscillating field. Wlieiice 
the concept of the synchrotron, a machine that combines 
the properties of the hetatroii ami the cyclotron. 

In a synchrotron, the electron is first accelerated just 
as in the betatron, that is, by an increasing magnelic field. 
When the electron energy r(*aches a value ol tlu* ord(*r of one 
million electron-volts, the system of acceleration by an oseiJ- 
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laf ing flecl ric firld is swilrliod on just as in the cyrlolpon. 

t‘Ii*ctroii bc'gins lo gain ouergy Irom I ho oscillal ing 
oloclric fiohl. Tho magnetic lield is varied only iusolai* as is 
requirofl I'or the eh^ctron to remain in a stahJe cireiiJar orliit. 
The synchroiron makes it possible lo impart considerably 
greater energies to electrons than those obtainable in the 
Ixdalron. The synchrotron is capable ot‘ accelerating elec¬ 
trons to energies ol' 200 lo 300 million electron-volts. 

The invention ol' the synchrotron has enal)]ed the limit 
valuta of energy which may be communicated to electrons 
t o be raised, lint how is one to raise the level of energy impart¬ 
ed to such heavy particles as protons, denleroiis and alpha 
])articles? Veksler found a way to solve this |)roblem too. 

Recall once again that the acceleration limit ol ions in a cy¬ 
clotron is coJiditiojied by the change ol mass of Ihe particle. 

The constant period of revolution, equal ^o~j- fequalion 

(10)1, is violated in the case of a cliange in mass; simulta¬ 
neously the synchronism of the motion of Ihe particle and 
the variation of tho electric field is upset. Veksler was the 
one who [)oinled a way out of this impasse, lie suggesled 
varying the period of variation of the eh*ctric tield according 
to tile same law that governs the mass chaiigcjs of the particle 
undergoing acceltn*ation. iMachines using this principle were 
called “synchrocycJolrons” (or fr(*(|uency modulated cyclo¬ 
trons). The synchrocyclot ron is capable of communicating 
mucli great or energies t o heavy charged particles. 

In 11)49, a synclirocyclotron capable of accelerating pro¬ 
tons to energies up to (i8() million electron-volts was built 
in the Laboratory of iVuch'ar IM’oblems of tlio U.S.S.R. 
Academy of Sciences under the leadership of M. (1. Mesh- 
cheryakov, D. V. Yefremov and A. L. Mints. The synchro¬ 
cyclotron of the Academy of Sciences is the largest of its 
type in the world. 

'rile building of a synchrocyclotron is a very complex 
undertaking. Suffice it to say that the pole jiiecesof the mag¬ 
net of the Academy synchrocyclotron are nearly six metres 
in diameter. Much labour and money is requireil to set up a 
magnet of this size. The synchrotron is a simpler machine 
iK'causo the particle in it is accelerale<l all the lime in an 
equilibrium orbit. Fur this reason, there is no necessity to 



create a magnetic field through the sj)acc iiisidi* the equi¬ 
librium orbit. It is enough to eslahlish a magnetic field only 
on the orbit itselT and in its immediate vicinity. Idiis greatly 
lightens the magnets tlesigned lor accelerating j)articles 
to very high energies. "J'heir volume and cost are cut drasti¬ 
cally. A high-ejiergy synchrotron will cost much less than 
a synchrocyclotron. 

However, a very natural question comes to mind: We said 
that the synchrotron is designed lor accelerating electrons, 
but can the synchrotron he used to accelerate heavy particles 
(protons, or helium nuclei) as well? It turns o\it that this 
is possible. All that is needed is to modify the process of 
acceleration. 

We have already pointed out that the chief difficulty in 
accelerating heavy particles iji an induclion accelerator 
is that the heavy particles move more slowly and their pe¬ 
riod of revolution is too great, the result being that during 
the time required for the magnetic flux to chaJige, the energy 
gained is too little. But in the syjichrotron, the particles 
arc accelerated chiefly not by the induction method but by 
ail oscillating electric field. 1'herefore, the energy accumu¬ 
lated by a chargiMl |)article (a proton or alpha particle*) is 
no longer redated to the variation time of the magn(*tic flux. 

How is it possible to apjily an oscillating fiebl to the ac¬ 
celeration of protons? You will remember that we stressed 
the point that acceleration by an oscillating field is based 
on the approximate constancy of velocity of the high-energy 
electrons (or, to be more precise, on thc! fact that their speed 
is practically independent of energy); how^wer, the velocity 
of heavy particles in the energy range up to 100 million elec¬ 
tron-volts varies very considerably with energy and it 
proves impossible to obtain an equilibrium orbit. To apply 
to protons the acceleration technique of the synchrotron we 
must give them an energy of several tens of millions of elec¬ 
tron-volts, and only then accelerate them by an oscillat¬ 
ing electric field. The initial acceleration of heavy parti¬ 
cles may be done by thc procedure used in the synchrocyclo¬ 
tron, that is, by acceleration of the particle by an oscillating 
field, the frequency of which varies in such a w^ay as to (jusure 
synchronism between the motion of the particle and the 
accelerating oscillating electric field. 
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Tho synrlirolron, ns wo soo, possossos nniviM’sal proporl i(*.s. 
II. is capablo not only ol' arcoloralin^ elotlroiis to high cnior- 
gios, but also ol acool(‘i*ating protons. Ant! what is irioro, 
tlitj proton accoloration in ! lit* synchrotron is not rostrictod 
by radiation since the intonsity ol' the (‘loctromagiiotic 
waves omitted by a charged particle uiidergoijig acceleration 
is inversely proportional to the I'onrlh ])Ower of its mass, 
tlonsetpiently. radiat ion of protons wi II bo by a factor of 10*® - 
1(V* Jess than tlie radiation of electrons. This means that 
it may i)e ignored even at eiit'rgies up to huntlreds of thou¬ 
sands of millions of elt^ct ron-volts. 

When accelerating prolojis to lujergies greater than a 
thousand millitni olectroii-volts, it is l)ett(‘r to use an 
oscillatijig electric field whose freqiuuicy may be slightly 
varied (as is done in tiui synebrocyclotron). 

A machine whicli acce]eral(‘s a particle by an oscillating 
electric held with varying irequoncy while the particle is 
kept in an orbit of cofistant radius by a magnetic field which 
is variable in time is known as a “|)roton synchrotron.” I'o 
give the reader an idea of what th(\se machines are like that 
accelerate particles to energies of thousands of millions of 
electron-volts, we shall descriho two acetderators, the 
Brookbavini proton synchrotron built in the U.S.A. 
in 111.7)3, and called a “cosiiiolron” (hecanso it is caf)able 
of imparling to particles energies that are met with in 
cosmic rays), and the Soviet prolon synchrotron of the 
electrophysics laboratory of the IJ. S. S. l\. Academy of 
Sciences. 

A diagram of tlie cosmolron is given in Fig. 37. The cham- 
lier of the accelerator is a circular tube with a rectangular 
cross section. The average radius U of this tube is 11 m. The 
circle with this radius is the e([uilihrium orbit. The circu¬ 
lar Lube is 7.~) cm. in width. 'I'lie chamber is situated betw'eoii 
the poles of a circular eleclromagiiot. 'Jdjo magnet of the 
cosmol roll is not solid but consists of four sections. Between 
tliese sections tbi» jiarticle moves in straight lines, each of 
which has a longtb of three metres. 

The particle is acciderated in the ga|)s marked C. Ilen^ 
it passes through an el(‘ctric fitdd sirio)/, its frequency 

(I) being s(di?cted sucJi that the parlicle should traverse this 
Hold at deiiiiitu instants of time when the direction of the 
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fieM coiiicirlos with I Ik* cliroclioii iji whifli IJk* piirliclc is 

IMOVillir. 

J’roloiis ixw iiij(*clc*(l info Mu* cosiiiof ron at an t»n(*r^y of 
3.r> inillioK oJocLron-voKs, which they ac(|uiro Ironi an chT- 
Iroslaf ic ^oncrator .1. Tlic hij? initial energy ol Iho protons 
greatly simplifies their siihsetfiient acceleration. At an ener¬ 
gy of 3.5 million (‘lect ron-volts a jirot on has a velocit y one- 
lentil that (»f light. For this reason, the fre(in(‘ncy ot revolu- 



Fi^. o7. Plan vifw ol I ho llrook- 
Jiavoii rosJiiotron. 

tioM of the protons will no longer vary appn'ciably in the 
cascj of contijiued acceleration. In t Ik* If rookhav(*n cosino- 
tron, the fn*(iMency wit h which the acc(‘lerating oscillating 
li(*l(l varies changes Iroin 370,000 (h(‘ginning of accelera¬ 
tion) to four million cycl(*s per second ((*nd ol acceleration). 
The Ireqnency is varied syjjchrononsly with the variation of 
proton eiu*rgy so that the protons should move close to the 
(K]nilihrium orbit. In tin* proc(*ss of acceh*ration, protons 
coiii[)lete nearly 1hr(*e million revolutions, acquiring during 
each revolution an energy equal to 800 electron-volts. Each 
section of th(^ magnet is made up of 804 separate laminations 
(^ach 12..’> nun. in thickness. The whole magiu^t weighs 
nearly 2,000 tons. The magnetizing winding of the magnet 
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coiisisls of 48 Nval iM* rool(Ml I unis tliroiigh which currcMits 
up to 7,000 amperes are passed. A whole electric power sta¬ 
tion is 1 (MlHired to feed this magnet, which consumes 26,000 
kilovolt am])eres. 

Twelve j)owerrul dilTusion pumj)S an^ used to create the 
ne(ressary vacuum in the cliamher. In Fig. 87, one of these 
pumps is indicated as H. The diffusion pumps of the cosmo- 
tron are capalde ofevacualing as much as lour ciihic metres 
of air every second. ^J’he volume of I he acceleration chamber 
comes to iK'arly 88 ciilnc m(dr(‘s. 

A g(*neral view of the llrookhaven (‘osmol ron is shown in 
Fig. X\V in the Appendix. In the Hrookhaven cosmotron 
])rotons can acciuire an eia^rgy up to 2,900 niillion electron- 
volts. 

The most j)Owerful proton synchrotron in the world was 
placed in ojieration in April 1987 in the Soviet Union. In 
it, proton energies up to 10,(MK) million eli‘Ctron-volts have 
been obtained. The building of this accelerator is an out¬ 
standing scientific and engineering feat. It was built in 
the (dectrophysic.s laboratory of the Academy of Scienci‘S of 
the U.S.S.Il. under the leadership of V. I. Veksler, D. V. 
Y(?fremov and A. L. Mints. 

The circular magnet of the Soviet proton synchrotron has 
a diameter of about. tiO metres and weighs 36,000 tons. Pro¬ 
tons Sjmeded in a linear accelerator to an energy of nino 
niillion eleci.ron-vollsare injiH*ded into the acceleration cliam- 
i)cr of the machine. The plant that supplies I he electromagnet 
with current has a power of 140,000 kilowatts. Fifty-six 
])Owerful pumps are used to evacuate the air from the accel¬ 
eration chamber. 

A general viinv of this synchrotron is shown in Fig. XXVI 
in the Appendix. 

At the i)resent time work is in progiv;.ss in the Soviet Union 
on still more powxu’ful accelerators capable of speeding 
protons to energies of 50,000 million eleclron-volts. 



C h apt r r 1’ 11 

AKTlFl(;i.4L RADIOACTIVITY 
Tlie Discovery of Ariificial Uadloartivity 

The year 11),'54 was marked by a new and imporlaiit dis¬ 
covery, the credit tor which goes to Frederic Joiiot and 
Irene Curie. This is how it happened. 

I n (Chapter IV^ we wrote about I he discov(‘ry ol' neutrons. 
Neutrons were detected in the action ol al|)lia particles on 
beryllium. The Joliots(Frederic and Innie) began a systeni- 
atic study to find out what substances emit neutrons 
under bombardnnnit. ol* alpha jiarticles. J'hey 1‘ound that 
when alpha particles bombard such inatc^rials as aluminium 
and magnesium, neutrons are produced. 

The emission ol neutrons by aluminium was particularly 
interesting. This interest was due to the fact that aluminium 
(as had been well known from the time of tin; first experimeiits 
in splitting nuclei) emits jirotDiis when bombarded by alpha 
particles. The formation of silicon was tin? result of the 
transformation of the aluminium jjiicleus. Here is the scheme 
of this transformation: 

It now appeared that when bombarded with alpha parti¬ 
cles, aluminium emits not only protons hut also neutrons. If 
aluminium consisted of a mixture of several isotopes, this 
result would be no cause* for sur]»rise. It might be thought 
that different isoto|ies are transformed by alpha bombard¬ 
ment in different ways, some isotopes emitting protons in 
the transmutation yirocess, others neutrons. liiit it is well 
known that aluminium has only one isotope. This means 
that both neutrons and protons are sure to appear in 
the transformation which aluminium-27 nuclei undergo. 
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Two <lifT(T(*iil pcnliclcs slioolin^r out oF oiir iiucl(‘iis wns 
soiiH'l (|uiU‘ii(‘w.'Two siipposil ions roiiid lx? jii.-nk* in this 
J'(\S[KHi . 

1) A iK'iilroii ninl n proloii nriso Iroiii llu^ uiiirni ni uin ]iu- 
clous sinnilltHH'ousIy. 11 lliis is so, Ukmi I Ih? 1 ruJitonnulion 
si'lioino ol an aiuinininin nucloiis pi‘o)>os('<l hy Hul horlord is 
incornM-l. "J’lie Jiuclc'ar rcarlion should proct'od ollirrwiso, 
jiaiiady: 


..Al= 


JJu^ — 


jr 


■! o'/ 


thal is, lilt* I lanslorjualion [>i‘o«lucl would also ho an isolopo 
ol silicon, but 2‘d, not ilO. 

2) Neutrons arise ijitk‘|KMid(‘nl ly ol prolojis, in which case 
theri^ shouhl exist two (lilTenujt ways ol hanslorniiJig alu¬ 
minium iiuch‘i. \\\' already know’ one ol Ihem, it lea<ls to 
the [oj*jiialion ol a pi-olon: the other may be written as; 


This results in the lornialion ol a neutron. Some nuclei are 
Iranslorined in one way, others in the oth(‘r. 

Ill order to tiecide which (jl t lu'se two suppositions is 
correct, a lurllun* study had to be made ol I lu? translorina- 
tions ol aluminium nuclei uink‘r tin? action ol alpha fiai- 
ticles. Tlie Joliols w'er(‘ the ones wlni undertook this study. 
'J’hey pi aced aluminium in a cloud chambi‘r and began observ¬ 
ing th(? tlacks ol jiarticles jirodiiced in tin* t lanslormation 
ol ilsnuck'i. Aside Irorn the heavy t jacks which may naliii*- 
ally be ascribed to prot ons lh(‘y very un(‘\p(‘ctedly noticed 
thin lines that resemble th(? hacks ol (dectrons. The nature 
ol I hose idiM't rons was not clear. And so t hey decidial lo juit 
th(‘ir cloud chainbi*r in a inagmdic liidd iind ii'peat the in¬ 
vestigation. Ill I he magnet ic li(dd, the tracks ot the jiarticles 
bejit, but not as (dectrons would have doiuj. 'J’he tracks 
curved in a dii-ection that coiTOSjioniJed to a positive charge. 
From an analysis ol th(‘ir photogiajdis Joliot and Clurie 
could see that the particles loi'iniiig lh(‘si^ ti'acks woi’o jiosi- 
troiis. d’his was a startling result: it turned out that jio.si- 
trons, whicli had b(.*eji just helon* discover(‘d by Anderson 
in cosmic ladiation, can also originati^ on the earth. How¬ 
ever, t his conclusion was not the only result ol the Joliot- 
Cuiie eAj.ejiinents. 



Lot us roturn to Iho Irmisrormalioii ol' aluminium. 

Dill llio Joiiol-durio oxpoi*iuionts rosolvo Mio quostioii 
ol tlio cliarailor of tlio tiansroimalioii of aluminium? At 
lirst glaiioo, it soomod that far from ri‘solviiig it, llioy oven 
brouglit now coniplioatioiis, Jiocausi* uiidor ali)lia l)ombar(l- 
niuiit ail aluminium nucleus ejects not only protons and 
neutrons l)ut also positrons. TJie problem Jiow to be solved 
was: Do all these three particles arise at once, or sofiarate- 
ly, or maybe two of them shoot out of the nucleus simul¬ 
taneously? Joliot rejected the possibility of the simultaneous 
ejection of all thri'C jnirlides (protons, neutrons, and posi¬ 
trons) from an aluminium nucleus. Such a process would 
energetically have too many disadvantages. Me noted the 
act that a positron and neutron together possess the same 
charge and roughly the same mass as a ])roton. This was 
enough to surmise the existence of the following modes of 
transformation of aluminium: 

Ap?.'. He*—^ Si'® I- ID 
,n«' -1 j*'4 (posiLioit). 

The result of both transformations is the formation from 
aluminium of one and the same substance, silicon-30. The 
only thing is I hat [irotons are ejected in on(‘ transformation, 
and tw'o part ides (a posi t ron and neutron) in the ot her. Joliot's 
a.ssumption looked very imich like the truth; but subsequent 
investigations .showed that it was not exactly correct. 
Quite unexpectedly it was found that positrons arise not 
only (luring the bombardment of aluminium by alpha par- 
tides but also some time afterwards. For example, it w^as 
found that if aluminium is irradiated with alpha particles 
and the alpha source is then removed, the emission of pro¬ 
tons and neutrons will cease immediately, whereas posi¬ 
trons continue to be emitted. But their number gradually 

diminishes. Every 3“ minutes the quantity of positrons 

emerging (in unit time) from the aluminium decreases by a 
factor of two. 

This was very much like the phenomenon of radioactive 
decay, the only difference being that in the process of this 
decay positrons are produced and not electrons or alpha par- 



lirlc’S. Tlu‘ li.'iir-liru ol'31 luiiiiilos likewise tliffered from 
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the hall-lives ol' earlier kjiowii radioarlive Iraiisfoi'iiialioiis. 
And liiially, the most reiiiarkahle thing was Miat tJiis radio¬ 
active dt'cay did not arise sponiancoiisJy; it was produced 
wholly liy th(i exj)erimenters. 

'riio production ol' neutrons and jKisitrons was discovered 
not only in the case ol' alurnininin. .loliot and Curie loiind 
that boron and magnesium likew-ise emit botli neutrons and 
positrons during alpha-particle bombariiment. Of course, 
the imniediato task was to tind out how these substances 
behaved. Do they eA hi hi t radioactive decay or not, that is, 
do positrons apfiear alter irradiation with alpha particles? 
Experiments show(‘d that there is jiositron radioactive decay 
both ill the case ol boron and magnesium. When boron w^as 
irra<lial('d with alpha j)aiiicles and then the aljdia source 
removed, it was notice<l iinmedialely that positron emis¬ 
sion did not cease but continued with a gradual dimijui- 
tion of intensity. In the case of boron, the nunil)er of po¬ 
sitrons decreased more slowdy than for aluminium. Only 
fourleon minutes later was the number of ])ositrons emerg¬ 
ing in unit time reducetl by one half. 

Magnesium behaved similarly, it also emitted positrons 
alter bombardmejit with alpha juirt ides. 1'he ra<liation inten- 
sity (lecreased one half in two and one-half minutes. 

In short, induced, art ificial radioactive decay was a fact. 
The phenoiiKMion, which scientists at tht< beginning of this 
cejitury w-ere unable toinlluence in any way, was ])roduced 
artificially iJi the laboratory in 193^. Joliot and Curie ob¬ 
tained three artificial radioactive siihstanc(‘s: 

from alujiii Ilium (ha 11- life: 3.25 minutes) 
from magnesium (half-'life: 2.5 ini miles) 
from boron (lialf-life: 14 ini miles) 

What was th(> cause of artificial railioactive decay? What 
substances disintegrated? (fiearly, it was not aluminiiiriiy 
or lioron, or niagnesiuni, for it was well known that prior 
to irradiation with alpha particles these siihslances showed 
no signs whatsoever of radioactive decay. It w-as olivious 
beyond all donht that these wwe some kind of new substances, 
theretofore unknown. 



Tho assumption that. iHMit.rons and positrons appear at 
OIK? and till* saiiK? tiiii(‘ was ol)vionsly (‘rroiKMins, Positrons 
app(?ar(?d alt(;r irradiation, while nriitronsand protons w(‘ri? 
olisin’vod only dnrinj* irradiation ol the sul»slaiK*i?s with 
al|)ha j)arliclos. IT neutrons and jiositrons appear s(‘|)aralely, 
their appearance may be desi-rihed Uy succ<‘ssive nucl(‘ar 
react ions. 1'hiis in tin* cas(? ot aliiminiiirn, nent rons arise 
irom the transt(irinalion; 
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as a result ol* which the isotope j)hosphorus-30 is produced. 
But phosphonis-30 is not to he tound anion^ the stable iso- 
toj)es. Only one isotope ol pluispJiorus is known, phosphorus- 
31. For this reason, Joliot decided that it phosphoriis-30 is 
Bot ainon^ the kiiowji stable isoto[)es, it must be unstable 
and should disintegrate, ainl the result is a positron. I'lms 
positrons appear as a result ol* tin* radioactive decay ol* the 
unstable isotope ol* phosphorus-30* 
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We have nearly arrived at the earruu* conclusion: both trans- 
iormations ol the aluminium nucleus lead to the rormalion 
ol’ one and the sauKi isotope ol* silicon; l)ut in one case the 
traiisrormation into the silicon isotope takes place at once 
(with proton emission) and in the other case it [iroceeds the 
complicated way, jiroducing first the iinstahle isotope phos¬ 
phorus-30 and t hen, after ejection of a posit ron, the final 
stable product, silicon 30. 

The same also goes for magnesium and boron. Unstable 
isotopes are produced in the transmutations of these sub^ 
stances likewise. In the case of magntssium, the transforma¬ 
tion proceeds as follows: 


, - JIo* —V i--I- y. 

Silicon-27 is not stable (three stable isotopes of silicon 
are known: siricon-28, siiicon-20, and silicon 30). The un¬ 
stable silicon isotope grailually decays, producing posi¬ 
trons. The decay scheme looks like tliis: 


♦ la future we bhall use an aslerisk to (ristiiiguisli radioactive iso- 
tofies. 
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The decay scheme of horoii is represc'uted as: 

The luislahlc! iiil,rogcii isolope (nilrogon-13) disiiiLograles 
and becomes a stable isotope of carlion; 

Thi swas the explanation given to the appearance ol* positrons 
in the case oi aluminium, magnesium ajjd horoji. 'J1ie earlier 
unknown unstable isotopes ol phosphorus, silicon and nitro¬ 
gen w’ere res})oiisible lor llie radioactive positron decay. 

F. Joliot realized the extreme importance ol' this discovery 
and decided to confirm t he existenct^ ol' t h(^se new radioact ive 
isotopes by direct experiments, lie was out to]>rove by direct 
exp(M’imentalioii that, lor exam])le, in the bombardment 
ol aluminium with alpha particles, i)iios|)horus is really 
produced. To do this, he used the same technique as Ramsay 
had oiict* done in studying the chemical proj)erliesol radium 
emaiiat ion. I’he J ol i ot ex peri men t s, h owe ve i*, were still more 
dilficult since he had at his disposal no more than some ten 
thousand atoms ol the new' substances. y\nd it was with 
this vanishingly small quantity that weighed something 
likelO”^* gram, that dilTereiit chemical manipulations Innl 
to be carried out. This w'as y)ossible since radioactive sub¬ 
stances themselves give notice ol their wlao’eabouts; they 
disintegrate and the disintegration ol each individual atom 
may be detected. 

Assuming that irradiation of aluminium W'ith alpha par¬ 
ticles produci‘s phosphorus, Joliot perlormcMl with t he alpha- 
bombarded aluminium the chemical operations requiriMl 
to separate phosphorus from it. 11 his hypoth(*sis was cor¬ 
rect, tluiu wdierc the phosphorus should be, w^e should find a 
substance, the decay of which is accompanied by positron 
emission. This is exactly what happened. He peiiormed 
various chemical manipulations and convinced himself that 
the material omitting positrons is chemically dilTereiit from 
aluminium and silicon ])Ut absolutely identical with ])hos- 
phorus. This was proof of the correctness of Joliot’s hypoth¬ 
esis. 

There follow^ from these stinlies conclusions of extraordi- 
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jiary sijjnifiniiico. Sorrio will l»o considorcHl Jatcr on, and some 
may bo i'orimilalod hmv: 

1) An nnslablo radioactive stale of a substance may be 
induced arl ificially. In certain cases it is the result, forexam- 
j)li% of alplia particles penetrating into the jjucleus. 

2) Not only the heavy elements at the (;iid of the Periodic 
Table caji be radioactive. Joliot and (hirie proved that light 
elements snch as nitrogen, phosphonis and silicon are 
also capable of existing in an unstable radioactive state. 

3) Ordinary stal)le elements (phosphorus, nitrogen, sil¬ 
icon) have radioactive isotopes. It is possible (later we shall 
s(?e that this is precisely the case) that other elements can 
also have radioactive isotopes, which we do not detect 
for the simple reason that they have long since disintegrated. 

4) Nuclear transformation can proceed in several \vays; 
for instance, aluminium-27 bombarded by alpha particles 
converts either into silicon (one way) or into phosphorus 
(another way). 


Artificial Radioactivity Imluced by Neutrons 

The discovery of “artificial radioactivity,” that is, the 
artiiicial production of radioactive substances, was an out¬ 
standing event. Jt excited a broad interest iii the subject 
and focussed on it the attention of broad circles. It is of 
course quite natural that after Joliot and Curie established 
the existence of radioactive phosphorus, silicon and nitro¬ 
gen, the question arose as to whether these artificially ob¬ 
tained radioactive substances were a special exception to the 
rule, or maybe other elements could also be produced in 
the form of radioactive substances. Are artificially radioac¬ 
tive substances produced only by alpha particles, or can 
other particles, such as protons and neutrons, he used for 
this j)urpose? 

In the middle of 11)34, the Italian physicist Fermi and 
his co-workers obtained convincing proof that many stable 
elements are capable of having radioactive isotopes. 

Fermi irradiated different substances with neutrons, not 
alpha particles. His reasoning was this. 



Wi> know very wril I hat alpha f)art i( l(>s iiiid it difficult 
to piMirl ralt‘iiil o at inich*i. I’lic n^piilsivc forces inicracl- 
iug Ik'Iwcc'ii the alpha particle and the imcleiis arc! I he cause. 
Jl. is pr(‘cis(dy for this reason that alplia particl(\s emit¬ 
ted by naturally radioaclivesubslaiices are capable of pro- 
ducin^r iiiub^ar transformations only in W^hl elements, the 
nuclei of which possess a relaiivtdy small charge. Neutrons 
are something (]uiti‘ diner(‘nt. They lave no dilficiilty 
in pen(‘tratiiig iijt<i iiucKd. \\i'‘ may say tlial once inside a 
substanco, a neutron wi II sooikm* or later and without fail 
penetrate into some atomic nucleus. The experinumts d(‘- 
scribi‘d in ('.ha|jtt‘r IV are a clear-cut demonstration that 
n(*iitrons interact with jmcli‘i v(‘rv (dTectively. For them, 
tljer(> is no difierence between entering a light nncleiis with 
a small charge* or tin* very heaviest Jiuclei; in both cases 
th(*y produce nuclear traiislormations. 

Is it. not possible* Dial some* of these* I raiisfe)rmalie)ns ce)uhl 
li*ad to the formation of artificially radioae*live substajice*s 
similar to those e)blained by JoJiot ? That was the^ e|ue*stion 
posmi by Fe*rjni and his colIabe)ralors/J'liey bombarde*el oveT 
sixty elilTerenl elements with m*ulrons. 1'he neutron source 
in these exj)eriim‘nls was an ampoule containing beryllium 
powde*r and radiuni emajiatiejii. To find out. whe*ther tluj 
neutron irrarliation bad produced a radioactive substance*, 
the* irrailiated plate was brougiit close to a (leiger-Miiller 
counter a little whiles alt(*r irradiation. 

Jf the transformation prealue-eel l)y the neiitre)ns led to 
the formation of radioae t ive* substane-es, t he counte*r would 
ivgister the* radiation that they emit in tJie process of de¬ 
cay. That is exartly what happene*el. \Vht*n te‘steMl, certain 
substane-es we‘re biund to emit rays registerc‘d by counters 
Jong after irradiation bad c('ase*d. 

Fnrihermore, it was found that in jniclear transformations 
radi oac ti ve su bsl.a nces a re ra t lu*r fri*q ne n tl y prod uced. 
Thus 40 out of (iO inve\stigated elements w(*re radioactive 
after irradiation with nenlroiis. S|)(*cial experiments (tlie 
action of a magnelic fiebi on radie)aclive radialie)ii) showed 
that el(‘ctrons are emitted in all cases, but the |)()ssibility 
that. soiiKJ of iJjc elements investigated emitt(*d positrons 
during disinl(*gratioii was not excluded. 'I'Jie lialf-lives were 
measured in nearly all ca.s(*s where radioactive substances 



wore lormcMl. \v(*ri^ round to mii^o Iroin sovoral soconcls 

U\ iiiany days lor dill'ori'iil suhslaiKu^s. Fin*ini's oarly sludius 
did not givu (iviilonco of vory loii^^ jiaH-livrs. TJiis was a])[>ar- 
ently duo to tho tact that i.lio inlonsity ul' radioactivo ra¬ 
diation ill siK-li substaiKOS is not groat . 

In determining Ihe cliaracter of niieloar transl'orinations 
resulting Irom neutron capture, Fermi made us(^ ol‘ cliemical 
analysis much like? Miat applied by Frederic Joliol to deter¬ 
mine the nature ol‘ radioj)hosphorus. Seeing that the radioac¬ 
tive element being 1‘ormed is a close neighbour (in the Pe¬ 
riodic ".rablc?) to the irradiated element, and henct* has an 
atomic number close to it, he deUvrmliied the nature ol tho 
bearer ot radioactivity by ideiitilying it with one of the 
elements adjacent to the irradiated one. 

To ilo this, one of the neighbours of the irradiated element 
was addeil in turn to the latter and then both elements were 
separated chemically. Alter separation, a (ieiger-Miiller 
coujiter was used to determine what (dement was s(?j)arated 
with the radioactive substance. Applying a series of succes¬ 
sive operations it was al>vays possible to establish that the 
radioactive substance follows a delinile element. 1'his 
was how tho nature of the radioactive substance was deter¬ 
mined. Tho following conclusions may be drawui from Fer¬ 
mi's work. 

1) Neutrons (/o penetrate into the nuclei of a large number 
of elements. No dilTt^nuu^e is observed between light and 
heavy nuclei, lioth are capable of jiroduciiig radioactive 
substances. 

2) A radioactive i.sotope may be formed in several ways. 
One way is by nuclear cajiture of a neutron >vith sul)sequent 
ejection of an alpha jiarticle. This is the way radioactive 
sodium is produced from aluminium: 

A radioactive substance may also be formed from a nucleus 
that has captured a neutron if the transformation is accom¬ 
panied by ejection of a proton. This, for e.xainple, is the way 
radioactive silicon is prodiiciMl from jphosphorus: 

HU 



Ami, finally, nidioad i v(' sul)slaiic(‘s may I'orm wlicn no par- 
(ifU* is (‘jcrliMl Irorn llic nucleus tlial ca]»lui(‘s a jieutroii. 
An illiislial ion of I his lypt^ of I ranslorma! ion is: 


This Iasi lype of railioisolopi^ lornialion is especially nolo- 
^vol•lhy. This is I lu* lirsl case anionju^ many k nown Jinclear 
Iransroi inal ions in wliich I he whole Jicl is simply iJie capl iin*. 
of a j)aHicle: I hend'ore, llie relialii lil y oM Ik* evidence hron^^ht 
jorward lo cinilirm I his sch(*ine is i‘sp(‘cialJy imj)orlajil . 
Fermi juade* Jiis dt‘diiclion concerning llu^ characler ol‘ Iho 
Iransloiinalioii of iodine hy llu* rn(‘lhod ofe'-xclusion on the 
basis of clK'inical data wliich indicate Dial the radioisolope 
can Ih* iieilher anlirnony (Ihc* ejection of alpha ])arliclt‘s) nor 
teJlnriurn (I In* e jedion of a j>roton).'rin* same l(‘chni({n(* was 
used lo establish tlii^ nature of Ihe transforrnalions of cop- 
])er, vanadium, manganese, arsenic, bromine, siJv(*r, iridium 
and gold. In this case, tin* radioactive* subslaiiecs are also 
forme‘d by nuclear capluiv of a ni‘ulron trith na attendant 
ejection oj another particle (a proton eu* aljiha particle). 

Ve*ry ollen, Ihe I ransformarMUi of a nucleus tliat has 
captured a neutron proc(‘eds in vse*ve*ral ways. 

For inslaru'e, aluminium nucie*i that have* e*a|)ture*d a neu- 
Ireui conve'it in part with I he* e'jnission eif alpha particles: 


.Al^ 




in iiart with the* e*niission of preilons: 

. 

ainl [larlially by elire*e t cajiture* of a iieutreni by the nucleus: 

In ce*rtain case's, all three peissible* mode's of transformation 
into a radieiaclive iseitojie have* been recorded, namely: 
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3) I Ihmv c*\isls nn ossoiil ial iliHrmuc in I hn rhaiiicl it of 
l lit‘ I raiisl'ormiil iuiis ohscn-vcil in lirnvv ainl rli'incnls. 

in l-h(* li^hl cli'ini'iits nidioia:! i vr isDlojx's arr n.suall > lurrinMl 
]iy Ihn (‘inission ol' oiUjoi* an alplia jiarl.ich^ or a ])rolon. in 
Ihn lj(‘avy oUmikmiIs, lio\v(‘Vi‘r, radioacl iv(‘ isol.opi's arnciru'lly 
prodiiciMl by dia'cl cafdnro ol' tbn niMitron. 'I’liis is nol acci- 
dcMilal and indiralrs I bat it. is not only diincnlt tor ( harirCMi 
particd(\s (protons and alpha particles) to enter ajj aloinir 
jjucli*us, i)nt. it is also bard to get out again. 1'he greater 
I lie r barge of the nneieus, the more eni'rgy the alpha parli- 
c h‘S and protons nnisl. have to h*ave the nucleus. 'J’hat was 
why K(M*mi was not aldt* to observe, in I be casi^ of lieavy 
(d(?ments, siicdi lormation of radioactive siibstanci^s as is 
due to tlu^ (‘jection of alpha part icles or piHdons. I'hc^smalliT 
the eiKU'gy of the neutrons used to bombard th(‘ nuclei, tlie 
lighter are the elements in which t b(‘S(‘ neutrons can inducts 
artificial radioactivity hy the ejt‘ction of an alpha particle 
or [)roton. (lonversidy, if very high-i'iiingy iKMilrons ari‘ usimI 
in bombardiiKMils (such (‘xperiments were subse(|uenlly 
carried out), Hkmi tin* heavy elements will also exhibit arli- 
licial radioactivity juoduced by lh(‘ ejection of an alpha 
particle or proton from a nucleus that has captured a neutron. 

The situation is (|uite dilTerent with those radi(jactive 
substances wliich are formed by the direct, ca|)ture of a luni- 
tron. To j)enetrate into nuclei, neutrons do jiot have to have 
any very considerable energy, because they are unalTectcTl 
])y the electric forces of repulsion winni they a|)[)roach a 
nucleus. For this reason, it might be suppose<l that, even 
the very slowest neut runs would be ablt» to induce^ radioac¬ 
tivity, that is, form a radioactive isotope by piujet rating the 
nucleus. 

To test t his i(h*a, Fermi performed new expori ineiils that 
led to extremely interesting results. 


Tliernial Neutrons 

First, w(^ shall explain how low-energy neutrons were 
obtaiiKul. Fermi used the most wides[)n^ad method at that 
time of producing neutrons from beryllium by irradiating 
it with alpha particles. The neutrons obtained in this way 



havi* Iioiik'imIons (Mi(‘rgii\s moasiirod iu rnilliojis of ole 
I roil vnlls. 

How was olio to j'imIiico I Ik* i*ii(*rgy ol lliose jieutroiis? 

||(*r(* is what. Foriiii did. ll is kjiowii that not iji ovory 
coHision is Mu* iioution capluird by a niiclous. VVlioii wu 
say Mial a iioulroii (‘asily poiiotralos into an atomic niiclons, 
wo aro simply comparing a nontrojj with an alpha ))articlo 
or a protoji. Act nally, howovor. hy far not in ovory collision 
is a iioiitron capturi'd by a jincloiis. 1'ho usual thing is fora 
iKMitron to (*.\porioiico s(*voral collisions with dilloroid. nu- 
cloi boforo being capturod. 

.\ow whal happens when a neutron collidos w^ith a nu- 
clous and is jjot capt ur(‘d? W'o spoke of this (‘arlior, in (Ihap- 
tor IV’. in such an (‘laouiitor tin* neutron coinnninicat(!S a 
j)art of its kin(‘tic energy In the nucleus with whicli it col¬ 
lides. 'I'he (‘iiergy of the neutron is reduced. After a number 
of such collisions, the energy of the jioutron may diminish 
considerably. "I'liis rotiuction in neutron en(‘rgy will bo par¬ 
ticularly g>*i*at in collisions with tin* nuclei of hydrogen 
atoms. Under a])i)ropriato conditions of oiicouiiUt, the neu- 
trojj may impart to the hydrogen nucleus its oiiliro kinetic 
energy. Such cases, however, are rare. In the majority ol 
cases, the Jientron lo.ses less (‘iiergy in a collision. Precise 
calculations show that on iltc arcragr a Jieutron, alter an 
encounter, has only alioiit one third of its original energy 

A'(or to be more ])ri‘cise, 1 f nent rons e.xperience two 

collisions with protons, their mean energy afterwards will 
be eijiial to After the tenth collision the mean 

energy of tluMieut ions will be roughly one* twenty-thoiisaiidth 
of the original energy. 

This peculiarity of jieutron collisions with protons was 
maile use of hy Fermi in order to obtain lowM‘nergy neu¬ 
trons aJid ob.serve t h(*ir elTect on tin* atomic nuclei of ditTerent 
elements. To do this, he surrounded t he neutron source with 
a layer of |)arafrin or water several centiiiK'lres in thickness. 
Outside he placed the substance under investigation (Fig. 38). 
The thickness of the paraflin layer was selected such 
that a Jieutron should experience several tens of collisions 
with hydrogen nuclei befoie reaching the substance under 
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study A/. As n rosull of such a nurnluvr of collisions, the ener¬ 
gy ol the jjoulron fell so sulislantially that the inilia I value 
of several million electron-volts hecanie coniparahle wilh 
the eiK^rgy acquired by the atoms of dilTerejit substances due 
to thermal agitation (a small fraction of an idectroji-vidt). 

These slowed-down neutrojis were later given I he naini* of 
thermal neutrons, which was to emphasize that tlie ejiin'gy of 
such neutrons C()rres|)onds to t he energy of thermal agitation. 



Fi^. SS. ExporijH(?iital arraiigeniciit for sJowiiit^ down lUMitrons. 

S--neutron source (ampoule containing' U'ryJlium and radium emanation): 
i* — paralTiii; M — substance under inYeslif;alion. 


When Fermi began to determine whet tier t lun mal neut rons 
excite radioactivity, he at once discovered that those radioac¬ 
tive isoto[)es, that are formed by ejection from tlie nuchms of 
an alpha particle or a jiroton, aiv not prodiiciMl by tliermal 
neulrojis. He was unable to detect such radioactivity by any 
methods. However, transformations involvijig only neutron 
capture were induced by thermal neutrons, too. And what 
is more, thermal nenlrons produce such transformations 
much more efficiojitiy than neutroJis with a high hinetic 
ejiergy. Especially efTectiv(^ was Ihe action ol tlnunial 
neutrojLS on certain suhslaiices, sucli as indium, rhodium 
and silver. The efliciency with wliich radioactivity is in¬ 
duced in these suhsLances by thermal neulrons was so great 
that the former began to he used as indicators of the presence 
of thermal neulrons. 



To cliaraclcrizf* Ww pival, probahilily of rapliin? of Mior- 
nial 111 ‘ulrolls hy lli(‘ iiucUm ol rlioHiiim, wo may make llio 
followiiip romparisoii: IIk^ qiiaiitily of fast iKHilroiis falls 
olT hy oiKi hall in passiiip throiiph approxirnatoly 10 cm. of 
load, whoroas ono half of I ho thoriiial iioiilroiis are captiirod 

hy a rhodiimi plal(» only -yiiiin.iii thickjioss. This compar¬ 
ison shows thal lli(‘rmal iioiilroiis aro vory olToctivoly cap- 
Uirod hylht‘ niicloi of corlain olionoiits. Idiis circnmsLaiico 
playod an onlslandinp r(do in Iho dovolopmonl of iincloar 
physics ami is of Iromondons imporlanco in Iho jiracVical 
ulilizaliun of nucloar onorpy. 


Noiitroii Capline That Does Not Load to Kadloartivity 

A nonlron lhat (‘iilors a Jinchnis chanpos tho proporlios 
of tho laltor. Kvon il no fiailicio is ojocUnl from Ihci hom- 
hardod iiiicloiis and Wh) cliarpo of I lie nuclous does not 
(•liajip(‘, si ill Iho nnclons is diUVront. 

^\'o alroady know that a jiuclons tliat has ca[)tnr(‘d a 
nmil roll hccomos radioaci iv(*. lint is this always tho case? 
Is it not possibles for a nonlron, say a Ihormal nontron, to 
ho ca])tnri‘(l hy a jjiicIoiis without forming a radioactive 
isol o|)o? 

rormi n'solvod this pridilnn loo. 11c* madc^ nso of the 
fact that th(*rmal noulrons an* very ollVclivo apaiiist liiodi- 
nm, ondowinp tho lall(,*r wilh radioactivo ])roport/os. Oh- 
s(*r\inp Iho appearance of radioactivity in rhodium, it is 
possihio to d(*loct oxcoodinply weak hoams of nontrojis. 
I’ll is is why Fermi soloctod rhodium platens as thermal neu¬ 
tron indicators. I lo inlorposod a paraflin block P lietwHjentho 
rhodium jilalo R and tlio nontron source S to slow down the 
noulrons; and holwoon the paraffin and tho rhodium plate 
ho plac(‘d shoeds M of dilloront suhslancos (Fig. 39). 

Fermi reasoned this way: if a substance absorbs tliormal 
neulroris r(?adily, lh(‘n a sheet of such a substances placed be- 
tw(‘(‘n a source^ ol tlusrmal neutrons and a rhodium plate will 
reduce tin* (lux of Ihormal neutrons impinging on the plate 
of rhodium. If in this procc'ss wo do not detect, in the sheet 
that is absorbing tin? thermal nontroiis, any formation of 




ra<rioarl ivc subslaiicrs, Ihis will iiksmii lhal lo capliiro 
ol a iic'Lil ron by a iiui Iimjs lUvvr is luriinMl a si abb* isnluju* 
of tlu; siibstaiK'o iiihk'r ijiv(*sli^al ion iiisU‘ail ol a iiHrnaicI iv(‘ 
isol opc. 

Using llu' I'orogoing iiirlliod Io invcsligalc* Uu* absorpt ion 
ol* Ibormal iioulruns, ho lonini that cciiain snhslaiKi^s. 
sncli as boron, radminni, yttrium, iridium and otiiors absorb 
Ihormal noni rojis more/ stronglvl iianrliodinm. For oxamido, a 
.1 

layer ol boron :^inm. in tbiclviit^ss absorbs Ilu*rmal n(‘utroiis 


M 

n 

D 


Fif'. slow noiilroii al)soi‘|»1 loii llial does 

not b‘a(l to llio c.roal ion of a radioacl i V(‘ isotope. 

S luajtron soiim*; V — pararfiii: M —siii)st:iiic:c> iokUt iuviis- 
It iTio'cluiiii iJeleclor, 

almost (.ompb'U’ly, allbougb no radioactive^ substance^ is pro- 
diuHMl in tbo process. Since boron lias only two isolojies, it 
was easy to decide which of them reniaiiu^d stable after the 
capturij of a neutron. Obviously, it should lie the light 
isotope of boron, iF®. lloron-lO ca])tnres a neutrun ami con¬ 
verts into another stable jsoto])e of boron, ll": 

Hecause of the ability of boron, and especially cad- 
mi uni, to absorb t hermal iieutrojis st rongly, these substances 
subsequently found broael ap])lication as shiebls ami lilt.ers 
for thermal neutrons. 

Scientists did not restrict themselves to alpha particles 
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Tahir VI. 

Tlir Ilalf-Livrs aiul Hadiaiions of Soiiio Hadioartivc* Isotoprs 



CS 

S-, 

pi > 

t- 

UjuJiatiini enerfjy in iiiiJlions 
or clccInni-voUs 

F.loiiionl. 

£ 5 3 
.2 

Is 

Hcla Kays 

iiuiniria Hays 

Carbon 


o72t> yt^ars 

O.loo 


Sodium 

„Na« 

Jo hour.s 

1.4 

1.4; 2.8 

Phosphorus 


J'i.2 days 

1.()!t 


Sulphur 


«7.1 days 

0.17 


Cihlorine 

,-CP® 

0.4x10® years 

0.71 


Arjron 


24.1 days 

K* 


(’aiciiim 

(’.,45 

?o' 

102 davs 

0.2t» 


Scandium 

21 

Sa days 


0.!»; 1.12 

Titanium 


72 days 

••yi:. 

1.0 

('.hroinium 

(•,.31 
24* •* 

2(i.ri days 

K 

0.28; 0.22 

Iron 

I'e” 
26' * 

4 years 

h‘ 


20* * 

4o,o d.ays 

(lyifi 

1.1; 1.2 

Cobalt 


0.2 years 

0.2 

1.17; 1.32 

Zinc 


2o0 days 

K 

1.11 

Stroidium 


54.0 days 

1 /jC 


Zirconium 

4«Zr« 

()5 days 

0.21)4; l.O 

0.23; 0.72 

Tech net ill m 

i.Tc” 

4.7xiO® years 

0.2 


Silver 

4 , Ad'" 

2«2 days' 

7.0 days 

0.08; 0.52 
2.70 
:I.O 

0.11; O.Od; 

0.0; 1.4 

Cadmium 


2.20 days 

/»" 




42 days 

l.So 

0.5 

Antimony 


2.7 years 

0.2; 0.(> 


Iodine 


S days 

0.2o; 0.()0 

0.08; 0.20; 0.03 

Kiiropiiim 


1.7 years 

0.18; 0.23 

0.084 

Hafniiim 


40 (lavs 

0.4 

0.12; 0.23; 0.47 

Tantalum 

,.Ta>“ 

M7 days 

0.52 

1.12; 1.22, etc. 

Tun^sl(*n 


72.2 days 

0.42 


Gold 


2.7 days 

0.(>0; O.W) 

0.41 


„Au'» 

2.2 days 

0.22; 1.01 

0.45 

Mercury 


5.5 min (lies 

1.1)2 


Thu Ilium 

..Tl""- 

2.7 years 

0.78 



* K sijffiiifips that is, the captiiro, by the iiucJeus, 

of an eleciron from Ihe /r-sholJ of the atom (tiiis process will be 
discussed in detail in a later chaf>ter). 
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and iKMilroiiR iji aUonipIs to obtain radioactive snlislances. 
The aclioii of arlihcially acreleralcd protons and fleulerons 
was soon the suliject of study, 'rhe action of a heain of fast 
deuterons was found jiart iciilarly eHectivo and in 

the discov(‘ry of many new radioactive substances. It was 
Soon found tlial. there art* much lar^t*!- numbers of new, ar- 
tilicially prtxiiiceti radioactive* isotopes than of ordinary 
stable isotopes, "^riie newly t)btaine(l artificial radioactive 
sul)stajic(*s bef>‘an to find practical applications. Thc^y 
formed t he basis of tht^ so-calh*d tracer tt'chniques. Tabl(> VJ 
is a list of the characteristics of some t)f the more impor¬ 
tant railioact ivt^ isot<»pes. 

The rt*inarkable thing is that n(*ut rons, thniterons or 
j)rotons may bt^ us(*d to obtain ratlioactive isolopt^s of any 
eh*ment. 'this is very important in tin* practical utilization 
of radioactivt; isotopes. 

Isoiiierisiii of Attmiic Nuclei 

The study of the interaction of neutrons and nuclei leel 
to the* eslabJishnu'nt of one* more marve^lloeis and im|)ortant 
jn*operly ed' atemiic nuclei. Cre*elit ien* this discovery geies 
to the Seiviet ])hysicist 1 . V. Kurchate)v ami his i)upils. To 
get an ide*a of wJiat this is, le*l us imagijie that we have 
subject(*(l l)romine to t he action of slow neutrons. W'hat may 
be e\p(*ct(Ml? 

It is a well-known fact tlial the element lirornine cojit- 
sisls of two ise)topes, lfr‘® and Ifr^*. Si nee* slow neutrons 
are capable of jienetrating atomic nuclei and, after getting 
stuck th(M*e, to form new raelieiaclive nuclei, we may (*xpect 
the app(*arance of one eir twe> radioactive isote>i)es eif breiiirine 
iji accen-daiice with the following t ransfeirmat.ion schemes: 

that is, resulting from tiie bombardment of bromine by 
neutrons one? might expect the appearance either of one 
of two jieNv radioactive substances (,5lfr*® or oi* 

both together, in which case, each of them would have its 
own half-life (as any other radioactive substance). Of course, 



it might liappen that Iho sbBi**" and jsBr'’® iinrloi would 
turn out to be iioJira<lioaclive; in such a case no radioactive 
substances should be observed. But Kurchalov and his 
co-workers louiid that when bromijie is irradiated with 
thermal neutrons there are formed radioactive substances 
with three ha If-lives; 18 minutes, hours and .Vi hours. 
This meaJis that neutron Ixunbarduient of bromine [produces 
three new radioactive isotopes. A series of control e.\])eri- 
inents sIiowimI that all the thrc^e half-lives are related to 
bromine, and, what is more, the l)earers of this radioactivity 
are isotO})es of bromine, and conseciuent Iy th(\v arise from 
the cajiture of lunilrons by the nuclei of liromine. 

Why an? three new radioactive isotopes ol)S(‘rved wheji 
there wth? only two to begin with? Kurcijat»)v found a cor¬ 
rect explanation for t h(‘se facts. He pointed out that there 
are actually only two radioactive isotopes formed, and the 
third iialf-lile corresponds to the <lisijitegrat ion of the nuclei 
of one of them existing in the isomeric slate. Recall that 
isomers are substances the nuclei of irhich hare 
one and the same charge, (atomic number) and the same mass 
number, but different energies: so that their hatf-lires differ. 
Wiiat Kurchalov established was lh(‘ formation of isomeric 
states of the nucleus. More <letailed inv(?sligalions sliowed 
that the period of 84 hours corri*sponds to I he decay of the 
radioactive isotofK' broiuine-82, th(‘ half lile of 18 minutes 
corrcjspoiids to the decay of the radioactivi? isolojje bromint*- 
•80, and the half-life of 4.4 iiours to the di*cay of nuclei 
that are isomers of bromine-8(). 

Jt was established that the nuchuis of the radioactive iso¬ 
mer of bromine-80 has a surplus of ejiergy ectual to a mere 
thirty thousand electron-volts. The isomer of bromine 80 
reverts to a normal ratJinactive bromine isotope? by losing 
this excess energy (it is usually taken up by one* of the? extra- 
nuclear electrons of the* bromine atom). 

'riie? conversion j)roc(‘ss of an isomer of bromine-80 into 
normal l)romine-80 does not take place at once, l>ut, just as 
in ordinary radioactive decay, with a certain probability. 
This probability is such that during 4.4 hours one hall of 
all the isomeric nuclei convert into nuclei of the normal 
isotope, which, as we pfuuted out above, is a radioactive 
isotope with a half-life of 18 minutes. 
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Jl liirM(‘(l out that ]»*oniiiitj-80 is not the only substance 
tliat Jias isoiiiors. Sul>s(‘(]ueiit iiivostigutioiis have revealed 
a large number of such substances. 

New Chemical Elements 

IVuclear transformal ioJis that procetMl under the bombard¬ 
ment of dilTerent (dements with fast particles made it pos¬ 
sible to detect many new radioactive isotopes. I'he number 
of these isoto]>es is increasing evc>ry single day, and as we 
have already pointed out, their number exci^eds by far that 
of the stal)i(i isoLo])es. Idle remarkable thing was that among 
the ju'W radioactive substances there were found isotopes 
of hitherto unknown elements. 

The ]V1ejjdeJey(,'v Table, it will be recalled, contains 92 
elements. iIow(iV(‘r, not all Ihc^se (dements w(vr(‘ in fact 
discovered. For a long time, eh‘ments number /i3, 61, 85 
and 87 nunained unknown. It is true, from time to time re¬ 
ports appeared of t he discovery of t lu^se elements and of 
suggested namcss and chemical symbols for tlumi. But these 
reports proved erroneous. 

Even to this day, no stable isotopes of these elements 
have been found. Only through nuclear transformations has 
it beeji possible to obtain the isotojies of elements No. 43, 
61, 85 and 87 and to detiTinine their chemical properties. 
We oven know many isotopes that belong t-o these elements. 

Elvmeni No. 43. The isotojies of tliis ideirient were first 
obtained by bombarding molybdenum with deutenms ac¬ 
celerated in a cyclotrcni. To eraphasizx* that this element was 
fir.st ol)t-ained through the ust^ of nuclear techniques, it was 
given the name “tixdinetium” with the chemical symbol Tc. 
We already know some ten isotoi:K\s of technetium (with mass 
numbers 92, 94, 95, 96, 97, 98. 99, 100, 101, 102,105). Four 
isotopes of technetium (94, 95, 97 and 99) have been found 
to have isomeric states. The most stable technetium isotope 
is Tc*®. it is beta active and its half-life is 4.7x10* years. 
This isotope; (as the most .stable one) is at pnvsent considered 
to be the reirresentative of the element technetium. For this 
reason, tlu; atomic weight of technetium in the Periodic 
Table is given as 99. 

Elcmc/ii No. (il. This element received the name ol pro- 
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mcthium with tlio clioraical symbol Pm. At prosoiit, eight 
isotopes oi this element are kiiowji. Only in the case of live 
has the mass numher been established (143, 147, 148, 149 
and 151). 'J"lie most stable i.sotope has a mass Jinmber of 
147 and a half-life of 3.7 years. 

Element No. <S'J. This element is called “astatine” and 
has the chemical symbol At. "JVn isolofu's an? kjiowii of 
this element, 'rheir mass numbers are: 207, 208, 210, 211,212, 
214, 215, 210, 217, 218. The majority ofllu?se i.sotopes arc 
extremely short-lived with half-liv(*s of small fractions 
of a sc'cond, \vhil(> I Ik? lialMife of aslal ini? 214 is so small 
that it. has not as yet b(‘en JiK‘a.sijred. lOvini I he stablest of 
all thci known isotopes of astatine (astatin(*-210) does not 
liv(? long. Its hall life is only 8.3 hours. It was obtained 
by hoinliarding bismuth with alpha particles of energy 29 
million eh?ctron-V()lt.s. 'I'he reaction of its lormation is as 
follows: 

,-- g,At-'®-f3 nentroiis. 

Astatine-210, being the stablest isotope, is the ref)re- 
sentative of elinnent ,\o. 85. 

Element No. S7. 3diis element is known as francium and 
has the chemical symbol Fr. A total ot five isotop(?s of Iran- 
ciiiin (ire known. J'heir mass numbers are 218, 219, 220, 
221 and 223. In the talde of the radioactive series of act.ini- 
um (Tabh? Ill) the i.sotope francium 223 is found under the 
name of “actinium K.” It is (»btain(?d in the alpha decay 
of actinium-227. All tin? francium isotopes are short-lived. 
I’he stablest one has a mass number of 223. But the lifetime 
of this stablest isoto |)0 is not long. It. has a half-lif(? of 21 
minutes. ]ji disintegrating it radiates beta and gamma rays. 

'J'he discovery of elements No. 43, til, 85 and 87 lill(?d u|) 
the emi)ty ])lace.s in the Periodic Tal»le. Howev(?r, the 
study of nuclear transformations has given us much more. 
The J4‘rio«lic 'liable has not only been lilled up, it has even 
been c(mtilined. We now have learn(‘d of elements No. 93 
(neptunium), 94 (|)lutonium), 95 (americium), 90 (curium), 
97 (berkelinm), 98 (californium), 99 (einsteinium), 100 
(fermium) and 101 (meinlelevinm) in honour of the eminent 
Russian .scimitist I). I. M(*ndeleyev. We shall dc'.scribe these 
elements, their discovery aJid properties in a later chapter. 



h a V f t* r VIII 

MKSOHH 

Til (liis chapU'i* \v(‘ a^.-iiii l•(‘l.llrll to I Ik' ]»ro|)ortios of cos¬ 
mic rays. It was poiiilcMl out (Nirlii^r thal cosmic railia- 
Lioii is complex in composit ion aid t hat it is common prac¬ 
tice to ilividi^ cosmic rays into t wo compoucMil s: tlii^ solt 
componeiit a ml tlie hard compoii(*nl. Th(‘ soft component ot 
cosmic rays is ahsorJied comparatively readily by matter, 
from r> to 10 cm. of lead being enough to absorb it entiridy. 
The hard cornpoiKMit, on the contrary, is very slightly ab¬ 
sorbed by matter. A p(*rceptilde jiart of this radial ion passes 
through layers of h^ad a metre and more in thicknc'ss. 

\V%it is the cans(^ of this difference in the absorption 
of tlies(^ components? "i'he absorption diff(*renco could bo 
the result of the dillerent nature of t he components. Differ¬ 
ent rays are naturally absorbed differently. What is more, 
it is po.ssible in a nnmlier of cases to get an idea of the nature 
of these rays by tin* type of absorption. 

Recall that the coinjilex nature of Becquerel radiation 
was disclosml due to tlie iliffi*rent character of absorption 
of alpha, beta and gamma rays that comprise it. 

ITowiwer, alter the ex fieri me nts of Rot he, Kol horsier, 
and Skobeltsyn cosmic rays were regariled as a stream of 
electrons and it was t hought t hat the nature of the two com- 
pomnits is the same. It is true that Anderson's discovery 
modiiied these views somewhat. It turned out that f)osi- 
trons are also found in the cosmic radiation registeretl at 
the earth's surface. 

Insofar as it was believoil that the hard and soft compo¬ 
nents of cosmic radiation are of the same type, the*r 
different absorption in matter hail to be explaineil liy 



HifT(*r(‘MC(\s iti l licir (.‘iicvr^ies. Td plain I ho capacity of 
cosmic (^loclroMS lo Iravorso hig tliickii(‘ssos of maltor, it 
was assiiiJKMl I liat llioso oloclroiis (ami positrons) ])ossi'ss 
slnpiMidons kiniMic t‘norj^i(*s. Tlu* soil coin[)()nont of <*osinic 
ra<lialion is a flow of idocl rons ami posit rons, whos(* kin(>t- 
ic onor^y roaclii s a v.alni* of lli(‘or(li*r of 100 mil Hon oloc- 
tron-volls, while the hard coriiponont consists of electrons 
and positrons with (‘m*r^^ies upwards (if one thousand mil¬ 
lion el(‘clr<iii volts. I ncid(nit ally, it should he noted that the 
si^n of 1h(‘ charge of the particU's composing- the hard coin- 
j)onenl was not estahlished in all case's since* these particles 
are very lee hi y deflected hy a ma^jiolic lie'lel. 


loiii/aiioii aiitil llaHliaiiive Losses 

An investigation <jf the rneive'jiient of particle's with hi^h 
energies (such as e'le'ctrons and j.famma i|uanta) and the-ir 
interaction with various snhslaiict's showed, howe've'r, that, 
there was a j^rave* cont raelict ion in such a picture of the eros- 
mic rays. 

d'o eAj>lain the essence e>f t his ce)nl radiction, recall the^ 
plu'iiome'ita that aecom|)auy the* move'inent e)f eleclrojis anel 
gamma e|nanla iji dilYe'rent- snhstajices. 

It has long lu'en known that, the move'ment f)f any |)arti- 
ch' in any sid)slanee^ n'sults in a loss »>f e'ne'rgy for the* parti- 
<‘lej. Kor e‘.\ainple*, an e'lectron gradually fritters away its 
e'liergy whi'n moving through air. A care*fnl sfinly of these?, 
losse's showe'd tliat thi'ie' are* t we> reasons why e'lee lrons lose 
e'jie'igy. 

Tlie^ first is that whe*n a high-ene*rgy eloettron passes 
through atenns that it e'licounters, it interactswith t he orbital 
e*lee*lj'ons, whie h are given a harel knock when the'y encounte'r 
a swift e>lecl ron. At times it is so strong that one? of the elec¬ 
trons is kne)cke*d out of the atom, which hecome's ie)ni/eel, 
the i nit ial edee t re)n losing in the act a part of its energy. Mov¬ 
ing from atom lo atom, it gradually dissipates its ene>rgy 
on the* ioni/ation of e'jie-onniered atoms. This type? of energy 
loss t»y an e*le*cl i’em is known as ionization loss. 

We* may note? some* pe'cniiarit ie*s redaling lo the? magni¬ 
tude? of je)nizalion leisse's. The? coHisie)n conditions of the 



olcTlron ini(Jor sl nrly ;ni(l IIh* cxI ni-iiurlcfir nuis of 

eju‘oiiiiU*i'(Ml iitoius iMfiy tlilTn* \vi(lt‘ly. A .sociilKMl “liciol- 
-oiT' coirisioM ifiiiy hike* picico, in wIi'kIi llir iiicifh'iit p.ir- 
licJo moves in a sl raij^lil Jiiit* i-oiiihh I i n^' I he c eij| n*s of I h(^ 
inl.orat t parl icles: an "obrnpie” coHisif)n may occur xvIkmi 
the <lireel ion of I he* incideni parlich^ forms a cm’laiii angle 
willi t lj(‘ si raighl. line coinuHi/uig llie cenl n^s of holli par! ides. 
The amonnl of eian'gy translerrerl in tlilT(*n‘nl collisions 
(lijl'(‘rs. Si net* I Ik' |)riinary elect ron (‘x perieiices in ils mov<’!- 
in('nt a I remeinlojis numlHO' of collisions, I Ik* most diverse 
cas(*s may occur. Accordingly, the energy lost hy the elec¬ 
tron will din\‘r in dilTer(‘nl- collisions. However, in the major¬ 
ity of cases I Ik* en(*rgy r(*ceivi‘d hy an orliit al eh*ctron is 
of t he order of ionization eiK*rgy, t lint is, 20 to 30 electron- 
volts. Qnit(* naturally such a slight eni*rgy loss does not afTt*cl. 
thi^ motion of a fast electron with an i*n(‘rgv of many mil¬ 
lions of electron volts. Its direction of motion do(*s not 
change, and (‘ontinues in a straight line. 

A small inimher of casi*s are possible wlK‘n the |)rirnary 
electron (as w(* shall Ccall tin* fast (^ll‘ctron) communicates 
to an encount(*red electron an i*nergy far in excess of what 
is re(inir(*d to di*lach it from tin* atom. In such an (‘vent, 
the* dislodgetl secondary el(*ctron will itself posst'ss consid¬ 
erable kinetic energy. It is capable of covt'ring a noticeable 
distance^ in air (or in ()th(*r medium) and on its way it will 
alst) ionize* atoms that it- e*nc(ninters. d'he acc(‘|>ted name for 
t hese sece)ndary ele^ct runs is "delta rays'" The nurnbe'r of elel- 
t a rays ])rodnced by a ]n*imarv elect ron is coinjiarat ively 
small, and t here*fore‘ tlie total eiK*rgy leiss due* t o de‘lta rays 
is not largi*. 

princi|)al losses of energy are due to t he large number 
of ionizations in which the electron elislodgeil fre)iii its atom 
ri*ceives a re*laliv(*ly small energy. A liigh-energy electron 
mak(*s a large* numbe*r e)f such collisions before it. fritters 
away its energy. Since an electron ex |)erie‘nce*s many ce>lli- 
sions, t h(M*e will be anK)ng l]j(*m re|n*e?senlat i ves e)f various 
lype\« of Collisions. Therelore, alt hough each individual col¬ 
lision has ils s|)(*cilic features, on an ave*rage, (dectroiis un- 
d(*rgoing a large number of collisions lose, elue to iojiiza- 
tion, appro\iinat(*ly the same* amrunil of eii(*rgy. The en(*rgy 
lost by a fast-movijjg electron on a section of its ])atli dei- 
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ponds of roursi* on ils sp«»(Ml, lull in addiiion il also do|)onds 
on llio f)ropoilios ol (lio iiir*linni (siuli as ils <lojisily, that 
is I ho nninh(M' «>l aloins in I lie* palh of I ho moving tdoctron). 
Jl is common lo characi i*i*i/o iJii* losses hy I ho amoniil ol 
onorgv which an oloclion loses when it lravoi*si*s a Jayor 
ol such lhiclxni‘ss that in each S(|iiari‘ c('nlimolro ol surlaco 
thoi(‘ is OIK' gram oF siihsianc('. in Inliio*, wi* shall uridor- 
sland hy I Ik* lt*rm nirr^f/ lass (ho (*n(*rgy lost in traversing a 
Jayi'i* ol suhstanco ol I hickness one grajn. cm“. 

ionizat ion losses, as wt* poinlotl out, dopoinl on I Ik? v(‘Ioc- 
jty ol* I Ik* oloilr(»n. A shiw-inox ing (‘h‘clron interacts with 
an atom (or with one ol its orhital electrons) For a longi*r 
time, and tlK*reForo imparts to it more mom(*ntiiTn, than 
does a Fast electron. Tor this n*ason, slow (*li‘ctrt>ns lose 
oiK*igy Faster Ilian el(*c| rons with a largi* kinetic (?iK*rgy. 
in otiier words, t lie ionization losses ol electrons decrease 
as t he 1 ‘leclron energy incri*ases. 

lloW(*ver, il the energies are \ery great (ol the order oF 
several million electron volts) lh(* ionization losses ol IJk? 
eh'ctrons will again hegin to increase*, tliongh slowly. I:^lec- 
trons with a velocity lit) percent that ol light have* a iriijiimum 
Joss. 

'riu* ionization lossi's For positrons are analogous. 

Ionization losses resulting From the interaction oF a part i- 
ede with the hound el(?clrons oF an atoinare only onetyfie oF 
energy loss lor Fast (*leclrons. Bedsides ionization losses there 
an* known lo (?\ist so-calh?d radiative hisses. 

d*he es.senct? ol radiative losses is this: wIk'ii an electron 
comes close lo a nucK*ns, there is interaction helween it 
and tin* nnclens. J’liis inl(*raclion is inncli slrongt'r than 
that ol the electron and an orhital electron lujcauso tlie charge 
oF the nnclens is considerahly greater ttian that oF an elec- 
Irtm. Due to the higmass oF the Jiucleus and the strong inter- 
actio]!. the inciihnil electron is sharply decelerated. In this 
act t he i*lectron loses a substantial pari oF its energy, xvhicli 
is released in th(j Form oF a (fuaiitnin oF electromagnetic 
radiation (a photon). 'I'lie gr(*aler the ejiergy oF the electron 
the greater is the part lost in decideration and the greater 
is tin; energy oF the pholoTi emitted by tin* electron. 

However, the proliability oF photon (*missiojj is not very 
great, since a jihoton is emit toil only when the electron 



])assos siil'ficiojilly closer l o I Ik* iiiirl(*ns, and I he niielens, as wo 
already know, oeciipies a v(*ry small pari ol the volume ()!' 
I ho whoh* atom. JMiotons are omilled so rar(‘ly I hal all hough 
consid(*rahlo (*n(n*gy is hjsL hy I Ik; electron whoji I ho (^vonl 
occurs, the average^ energy losses due to radiation (radia¬ 
tive losses) hy electrons ol' not very high eiKU’gies arc* small 
in comparisoji with ionization lossi‘S. On the basis of those 
(lata exporiniontally vorilicMj lor el{*ctrons ot comparatively 
small energies, the conclusion was drawn that tlu; (‘luu'gy 
loss(*s ol‘(‘loctrons are ])rinci])ally ionization l()ss(‘s, and since 
ionization lossi*s diminish with incri*asing (*leclron (‘n(*rg 3 % 
then, cons('(]uently, as the energy incrc'ases, I he (dectroii range 
(the path coveu-ed by an electroji ujitil it com(‘S to resi, or, 
more precisely, until the energy ol* I Ik* eh*cljon has become 
so small that it is no longer capable ol* ionizing tlie atoms it 
cnicounters) will also in<*r(‘ase. 11 electroJi eneigy loss(\s did 
not depend on the vt‘locities ol* I he partich*s, thi‘ir ranges 
would increase as majiy limes as Hadr energy. Acl uaJly, liow'- 
ever, the electrojj range varies with increasing energy ac¬ 
cording to a more com])h*x law. At the beginnijig, an energy 
incr(*as(? produces a very ra])id increase in range; this is due 
to two causi*s opcM’atijig at ouc'o: increase iji (dc‘ctron energy 
and decrease in lossc's (thc^ ent*rgy lost |)er unit }>alh). Sub- 
sc*tiu(mtly, hovv(*V(*r, wh(*n the electron (*nergy reaches a 
value ol* s(*vi*ral million electron-voll s, I he* range increase 
with eh^clron onc'rgy isslowcu*. Jn this cast*, ionization losses 
biggin to increase but slightly with the en(*rgy. Since this 
growth ol’ ionizat ion l()ss(*s is i nsigniheant, I hi* range ol* an 
electron (?ven in the cases of very high energies should still 
increase perceptibly (almost ruK*arly) with the energy. If 
we calculate (on the basis ol the known values ol* energy 
loss) what energy an electron should possess in order to be 
able to pass through one? metre ol lead without losing it 
entirely on ionization, we fiJid it lo ])e ol't hi* order o! several 
thousand million electron-volts. 

It was ])recisely for this reason that the a.ssuni[)tion was 
made that thosi^ particles in the cosmic radiation which arc 
capable ol* passing through considerable thicknesses of mat¬ 
ter (the hard component) an? electrons of stupendous enc^r- 
gies expressible in the thousands ol* millions of electron- 
volts. 



Til (irilcr to Ihr r(*a<l(*r a jiioiv acruralc^ fiicliiro of 

ionizalioii lossi's iil' energy, \vi‘ givr in Fig. 40 curvi'S I 
Uiat JV(in\scnii ionizalioii losses in^vaUM'an(l lead asa luni'l ion 
ol (declron energy. 

Ho\v(‘vtn*, JTellie and lleiller, who made a del ailed I he- 
orelical in\(‘sligalion ol llie prohUnn ol radiative losses, 



Fi{*. 10. Tlio (i«‘|»(.Mi(leiic ‘0 of ioiiizalion aiuf j’tiiiinlive losses on oloc- 
Iroii (Mi(?r< 4 y. Curves / ar(* lln? ioiii/.afion Josses in Jead and \vat(;r. 
Cairves // ai*e lin? radialive Josses in llu? same sul»sl.anc(?s. In water 
tlie radiaUv(> l<isses betrin to surpass llu* ioni/alioii losses at eieetron 
eiioryy of I lie ooler of JOO inillion cderlroii-voJls, while in lead it 
oeeiirs at an energy of I lie order of le mi I lion eleetron-voUs. 

sliowed that Iliese lo.sses grow with the energy of the elec¬ 
tron consideraJ)l\ faster tJLaii do ionization losses, and at siil- 
ficiently Jiigh electron iMiergies they not only become com- 
])aiahle to ionization losses, but even exceiul them appreci- 
a My SO that eleclroiis of such energy lose energy principally 
by radiation. 

"riie ratio belwt'en ionizalioii and radialive losses is dif- 
f(*r(nit lor dilTerenl siibslances. I'Ih* greater the charge of the 
nucleus, the bigger the jiarl played by radialive losses. Fig. 40 





also shows rurvos II fhal ox|)ivss, U> Mu* rorn- 

putaliojis (>r Ih'Mui aJuJ Jloiller, rjnliati\(^ losst\s of oloc- 
troiis ill wator and l(‘ad as a ruiiclioti ol oiKM'jiry. 

"rjio 1calculat ions show, lor cxamphs that 

tdccl rojis ol' (Mi(‘rgy greater lhaii iOO million (dticlron-volts 
lose energy chiefly hy radiation, and not by ionization; and 
the increase in radiative Joss(^s with increasing (di‘clroii 
eian-gy is so great t hat an eU‘ctroiJ cannot ha ve a range in air 
over TOO metres, because no matter what (‘lungy the electron 
may havt^ it will have lost a substantial part ol* it by radia¬ 
tion. 'idle great(‘r tlie (uiergy ol’ the idect ron, ( lie faster it 
loses energy by emitting high-energy photons. 

1'lie conclusions of the IJetlie-lleithii* thc'ory were con- 
firnuMl e.v|)erimenl ally by many workers, i ncl iiding I he Sf)viot 
scientists Alikhanov and Aliklianyan, Artsimovich, Sinel- 
Jiikov, Korsunsky a ml Valter. 

(lontirmation of t lu^ Methe-1leitler tlieory had far-reach¬ 
ing consequences for the d(>velo|)ni(nit of our knowledge of 
cosmic rays. Jt fociJss(‘d I h(i iit tinit ion of scient ist s on t heqiu's- 
tion of the nature of the hard component of cosmic radiation. 

On tliis theory, no matt(‘r how great the energy of the 
electron or [)ositron it is not able to pass through a oin^-metre 
layer of lead. Sup|)ose t here really do exist ideclrons ami pos¬ 
itrons with ejiergies of the order of 10® or even 10'® eh'c- 
troji-volts in cosmic ruiliatioii. L(‘t us see what fate has in 
store; for them. 

L(;t an electron Ik; moving in air. 'rinuj, according to Bed ho 
and lleitler, within a distance of 300 nnd res it will have; lost 
its tuiergy in the form of a gamma quantum. We may sirn- 
j)!ify the actual situation by agreeing tliat the; energy of the 
quantum produced is equal to the entire initial (‘iiergy of 
the electron. I'he direction of motion of the quantum will 
practically coincide with the original direction of motion 
of the electron. The; electron will apparently have converted 
into a gamma quantum*. 

^»ow what will ha[)pen? 

How does a gamma quantum of such energy behave? 

How does it interact with matter? 

* of cniirso, tin* oh'clroii does not disappear after having emitted 
a gamma-ray (piaiilum, but its energy is so small that it is no longer 
able to parlivipate in tl\e processes niidei* consideration. 
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Showers 


In ("hnpler V we related how the formation of a posi¬ 
tron by high-(‘nerg:y ^minina-ray quania was discovered. It 
was pointed onl that beginning with an enerjry of ono rnil- 
lion elect ron-volts, tlii'n^ occur anomalies in the dependence 
of gamma-ray ab.soj*|)l ion oji (‘iiergy: Ihine apfu'ars an addi- 
lional ab.sorj»lion ol gamma rays due lo el(‘ch'on-j)osil roji ()air 
formation. 'I'lie j)robal)ilii y of pair product ion by gamma rays 
increases with the energy ol the gamma (luajda, and at very 
Jiigh eiKngies gamma-qiianla al)Sorplion will be almost en- 
tircdy due lo pair lormation. 1'his im*ans (hat a high-energy 
gamma (|nanluni ([diolon) iiit(‘raclijig willi matter is con¬ 
verted into two particles -an el(‘clron-iaisitron |)air. The 
energy of (‘ach ol these particles will, on the av(‘ragc, bo 
equal lo one-hall llu* (‘uergy of the photon. All hough the 
direct ion of mol ion of these particles does not coincide with 
the direction of motion ol the ])hoU)ii, it- i.s sulliciently 
close. 

Here is what happens. A high-eniM'gy electron (and posi¬ 
tron as well) emits a gamma quantum of approximately the 
same eiKugy aud moving in j)ractically the same direction 
as tin* (*l(‘clroii. Inits turn, th(‘ photon cunv(‘rls into two par¬ 
ticles movijig in approximately the sani(‘ flireclion hut each 
with half IlK^euergy, The.se new i)articles .sliare the fate of 
the prijiiary electron: within about IM) metres of air they 
create photons. 

Each of I lie.se two photons produce, in their turji, a pair 
of particle's. Aow there will he four particles in motion. 

It is jiot difficult to imagine what follows. Alter covering 
another .several hundred moires, these four particles will 
turn into eight particles, then sixteen, then thirty-two, aJid 
maybe up lo sixty-four, and more. 

1'lms w’lial happens during the motion of a fast electron 
is iriultiplicalioii of |)arlicles, which can be nicely visualized 
iji Fig. A]. As I be eh'Ctrons and positrons (aiul also jdiotons) 
inulti])ly, I heir energy diminishes. 'J'lie multiplication proc- 
e.s.s^will conlinue until the electron energy reaches a value at 
which ionization lo.sses begin to exceed radiative lossc.s, 
Tlieh the inleraclioii of electrons and po.sitrons with matter 
wilf no longer lead to the formation ol new photons. In the 



air, mull i|)li‘*al ion coasos wh(*n I he* t*n(*rgy ol‘ lb(‘ (»l(»(i,rojiR 
ivarlu'S Sfvrral hois of millions ol* t'locl ron-volls. 

"riio iiiimiKM* ol* parliclos |H*ofluro(l in I Ik* process of mul- 
lipliralioii will di'pcoid on l.h(? orii^inal oiungy of Iho 
tdocirojis. Tli(‘ creat or Mio iMinr^y, Mk* larger I he numhor 
of parrM*l(‘s prodiic(‘d hy I he eh'd ron. 

Thus the tln'ory prediel.s lhal tdeetrons of energy of sev¬ 
eral or eveji Jiundreds of tliousiUids of miirn)ns of tderl ron- 



volls an^ not able to penotrale our atmosphere. On tlu^ way 
I hey ])rodu( e a large? numher of particles, which collec¬ 
tively are hnown as a “shower/' 

The? energy of the electrons and posilrons making up 
the shower is not very great. It of course depends on how 
developed the shower is, because, as we have already poijit- 
ed out, the development of a shower continues until I he 
energy of the particles has become of the ordm* of scweral 
lens of millions of electroji-volts. Electrons of this energy 
are relativcdy quickly slowed down in t he almosphere. 

However, if the energy of the ])rimary electron proves 
greater than 10*® electron-volts, the shower produc(‘d by 
this electroji is able to reach the (‘arth's surface (sea level). 
Obviously, such a shower will be composed of a huge number 
of electrons and the shower itself wdll cover a large area. 
The shower extends as the particles in it multiply liecauso 
the positrons ajid electrons produced during the absorption 
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of y)]iol ons ilonoi inovi' i n tvxarl ly I lu' ‘li n*( l inii ol I lKM|iianl imi, 
luii at acU‘liniti*, Ihoiiijli small, to it. hi ronsi'i^ui'Jico, 

Vlir sliowiT spreads out as it ticvelops. ]V\^ showersexlciid 
over areas of si'veral lens of tlionsaiids ol scjiiare metres. Tlii^ 
French physicist Au^^er using a systejii of counters separated 
liy distances of several lens ami even hundreds of metres, 
det ecteii showers covc'ring areas of over 10,()()() sijuare met res. 
From t he nnmlier of elect rons coiiiprisingsncli a shower, Auger 
calculat(‘d that the ]»rimary particle which caused tJie shower 
should liave an miergy (‘xpressihle hy the truly astronomical 
iigure of 10’® (10,000 million million) electron-volts. 

The aho\e-di‘scrihed picture of shower jinuliiclion was 
also ohserveil in a cloinl cJiamber. These oliservations were 
possible because the proc(‘Ss of shower formation, which in 
air drags out into hundreds of metres, takes placc^ in rela¬ 
tively small distanci's in l(‘ad. From t he curves in Fig. 40 it 
is seen that wher(‘as in watm* (and also in air) the radiative 
losses exceed th(‘ ionization loss(\s only at elect ron emu'gies 
above 100 million electron-volts, in lead already at energies 
of 10 million electroievolts the radiative losses begin to 
j redomiinte over ionizal ion losses. Ih'sides, due to l hi‘gr(‘at 
density of lead, energy Jo.ssesin it p(‘r unit of path arc* many 
limes great(*r than the loss(*s in air (oik* gram of matter per 
scjiian* C(*ntim(‘tre corresponds to a layer of lead slightly 
less than 1 mm., and a layer of air about 10 Jiietres in thick¬ 
ness). A conse(ju(*nce is the more rapid dc‘velopment of 
showers in lead, where it shows a marked development even in 
a one-cenlim(*lre plate. In addition, showi*!* development in 
lead continues to much smaller electron eiK*rgi(*s. 

(lloinl-chamber pictures taken when the chamber is crossed 
by several layers of leail (Figs. X.WII and XXVIII in 
the Ap|>endi\j give a clear picture of shower development. 
Fig. XXIX (see Appendix) exhibits a shower produced hy a 
very high-energy electron: the tracks of the shower particles 
till up tin* entin? chambi'r. The.si* pictures serve as a good il¬ 
lustration of the correctne.ss of the llethe-Heitler theory 
and th(^ so-called cascade theory of show(*rs liased on it and 
developt*d in large measure by 1^. I). Landau, 1. K. Tamm, 
and S. Z. Ileh*nky. A study of the absorption of show(;r par¬ 
ticles showTil that in general outliiie it is similar to the ab¬ 
sorption of the soft componeut of cosmic rays. The nature of 
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Ui(^ soil comf)oii(Mil of fosiUK- rays has Ixhmi clariruMl by llio 
showor llu'ory. l.^iil I ho iiat uro of I ho hard (•<)jn|)Oii(‘Jil lias 
boromo si ill moro puzzling. 

ludotMl, it was hidievod oarlior lhal single parliclos pass¬ 
ing through a considorahlo thick ni*ss of load a Fid not do- 
floclod in a inagjiolic hold wore oliH'-lrons or posili’ons with 
high kiiKd ic-ivnorgy. This hypothosis now had t o ho discard¬ 
ed. 11 igh-onoi*gy oloci rons ainl positrons rnnsl form showors. 
Jnsofar as wi‘ ohsorvo tho track of a single particle, the* lat- 
liu* cannot he either an (d(M*t.ron or a j)osil i*on. Nor can it ho 
a photon, 'riion what is t his haril coinponeiil of the cosniio 
radiation? 


The Discovery of the Mi^soii 

While studying the nature of tho nuclear forces that 
hold together the particles of atomic nuclei, Yukawa camo 
to the conclusion in 193r)that in order togive a proper descrip¬ 
tion of the character of these forces it is necessary to hypolh- 
esize the existence of particles whose mass is intermediate 
lietween the mass of the proton and that of the electron. 
Ill Yukawa's opinion such particles should jiossess a mass 
some 100 to 200 times that of I he elect ron. 

When it was fouml that the particles comprising tlu^hard 
component of cosmic radiation can he neith(‘r eli'clrons 
nor positrons, nor photons, the natural Ihing lo suppose 
was t hat possibly the Yukawa particles (“heavy elect rons’'of 
200 electronic masses) actually e.xist in natiiiv and make up 
the hard component of the cosmic radiation. 

Ami true enough, the propeidiiss of such “h(*avy elec¬ 
trons” resi'mble the properties of the har<l component, of 
cosmic radiation. It is known that radial iv(* losses area 
function of Ihe mass of tlie partich*. In descrihijig the beta¬ 
tron we pointed out that radiative losses diminish in inverse 
proportion to thi? fourth ])Ower of the mass of the charged 
particle. Consequently, the “heavy electron” of 200 elec¬ 
tronic masses will experience radiative losses one thousand 
million limes less than an ordiiiai\v idectron of tiu' same 
energy. Railiative losses of heavy electrons will he so small, 
that their magnitude (if compared with ionization losses) 
may be ignored and it may be considered that a “heavy elec- 



ioniziU ion of I hi* niolcruk’s ol I lie siiljsliince. Si lire* iil lii^h 
velorilii'S iojiiziilioji losses lire smnll, a heavy (‘leriron of* 
lii^h eiu‘jxy is capahle ul Iraversiiij^ hi|^^ Ihirkiiesses of mat¬ 
ter. Inasmuch as the “heavy electron” does not experience 
radiative losses, it will not create showers, "i'hns, we see 
Unit there is a similarity helweeii the behaviour of particles 
comprising tin* hard coinponent of cosmic radiation, and the 
hehavioiir of the hy])olheiical “heavy electrons.” 

To conlinn this hypothesis, it was neres.sary to measure 
tlie mass of such a particle and to he sure that it was actual¬ 
ly 200 electron masses. The experimental data corrohorating 
this hyjiolliesis were lirst obtained by Anderson anil Ned- 
dermeyer. 1'hey ol)S(*rved the jiassage of cosmic rays 
t hrough a lead ])late in a cloud chamber and measured their 
energy. 

IIow' was it fjossihio by means of such oliservatioiis to 
establish that the masses of these particles diHer from that of 
an (dectron? Itw^asn t very easy, but still it was possible. And 
what is more, it was found possible to determine the mass 
of such jiarticles. There are .several niagnitud(‘s that char¬ 
acterize t he mass of a particle. One is the range. Tlie greater 
the mass of a particle, the less is its sjiced (for a given ener¬ 
gy); and the less the sjieed of a particle, the greater will he 
the ionization losses and the shorter the ])ath traversed by 
the particle in matter. 

However, the range depends not only on the mass, it is 
alsoa function of the sjieed of the particle. So the range alone 
is not enough to give tlie ma.ss. llesides, it is not always 
jiossihleto determine the range experimentally. For exam¬ 
ple, to determine the range of a particle in a cloud chamher, 
it is jiecessary that the path of the particle should not go 
beyond I he chamher. Obviously, only when the energy of 
the particle is not great, t hat is when t he particle has a range 
that does not exceed t he limits of the chamher, can this range 
lie measured, lint if the range is small the energy of the 
particle will likewise he small. In short, the range of a par¬ 
ticle may he used to measure its mass only in the case of 
low (‘iiergy part ides. 

It is of course possible lo determine the mass of a parti¬ 
cle by its delleclioii in a magnetic field. But in this case also, 



as may ho soon Troni oqualiini (2) (|). 21), wo crmino, 
])r<)|)orly spoa kiiim', iiol Mu? mass hut. Mu? moiiu'iH iim ol' I ho 
j)arli(‘lo which is a iiinct ioii holh ol' Mu? mass and I ho sp(‘od. 
This moMiud is iiulirocl, too. Jh^sidos, duo to Mio limited 
magnitiido ol the iiiiojisityot the magiiolic hold, it is suitable 
for oiior^ios that are not too big. 

The ioiii/ing power of the particle may also ho taken 
into account. The ionizing pow(?r is characterizcMl hy the 
jiumher of ion f)airs produced hy a partich? per unit path 
traversed. Properly sp(?akiiig, the ionizing [)OW(‘r of a 
particle is dc!termiji(?d not hy its mass hut hy its speed. The 
greater the speed, the less the ionizing ])Ower. However, liy 
correlating data on the ionizing povvin* of a particle with 
other ijjforination, such as the range or tin? radius of 
curvature ol its trajectory iJi a magjudic field, itisj)ossi- 
hle to deterijiijje the mass of t he j)art icle. 11 is relatively easy 
to obtain information al)out tlu‘ ionizing power of a particle. 
One way is Uy nic^ans of a cloud charnher, another, with a 
])hotographic plate, 'these two iiietliods are most frecpunitly 
us(?d to determine the mass of a particle. An illustration of 
the iojiizing pow(‘r of dilTerejit j)arlicles is seen in Fig. 
XXX (see Appendix), 

And finally, some idea about the mass of a particle may bo 
gained hy energy losses in lead plates. Th(‘se losses are a 
function both of the cniergy of Mu? particle anci its mass. 
Jly combining the results of these measurements with the 
ionizing poNver of the particle, and in certain cases with the 
curvature of its path in a magnetic lield, it is possible to de- 
t(*riiiine tlie mass of Mi(‘ particle. Fliis is exactly what An¬ 
derson and .\(*<lderini*yer did. 

W^liih? checking Mie applical»ilit y of Mie Ihd hc;-lleitler 
e<]nation to energy losses of cosmic rays in lea<l, t hey detected 
in a cloud chamber the tracks ol ])arlicles that had lost 
consiilerahly less eiuvrgy in passijig through a lead plate in 
the ciiamh(?r than did electrons. .\ corndation of the ioniz¬ 
ing p()wer of tiu’se pai ticles a nd t lieir luiergy loss in a plate 
of lead of given thickness gave them the mass of the partich'S. 
It. sliould Ik‘ pointed out Miat thisirnd tiod of del(?rmining the 
mass is not very (‘xact , giving only a general idea about the 
Jiiass of the jiarticle. A<u*ordiiig to the data of Anderson and 
JNeddermeyer it appeared that the mass of the particle under 





invosligalion is iiiloriruMliaU> 1)l*Uvi‘(>ii tiiat of an oUm-.Iioii 
and (Jia( ol a proton and dial llio mosl probalilo vaJuo is 
botwoon loo and 200 oleclroii masses. 

Fi^. WXt in Ibe Appendix is a picinre taken by Ander¬ 
son and Xedderiiieyer. ll shows die I rack of a particle that 
passed through a Geiger-Muller counter placi‘d in a cloud 
cliaiiiber. The mass ol this particle was computed to be 220 
electron masses. As wt^ have already pointed out, the error 
ill such a calculation may be substantial, and the true value 
of the mass may be slightly greater or less than this figure; 
however, it is doubtless I hat tin* particle whose track is 
shown in Fig. WXl has a mass intcumediati? between that 
of an elcM-tron ami a prolon. "J'he conclusions of Anderson 
and i\<‘dderiney(n' wen; soon coniirmed in the experiments 
of othi'r workers. "Jdiat was how this new particle, the mes¬ 
on (which means “interm(;diale/' t hat is, between the mass 
of an electron and a pioton) was found. 


Tlie Lifetime uf a Meson 

The discovery of the meson was an outstanding event that 
extended the list of elementary particles. It shed new light 
on the |)rol)lem of tin; nat ure of cosmic radiat ion. It was also 
found that m(\<^ons j)lay an important part in the int(;raction 
of nuclear parlich's. This was tin* r(*ason why an intensive 
study of tin; m^wly discovered particles Ixrgan. 

Already I he first ol)servat ions with cloud chambers placed 
iiimagni'tic lields showeil that there are mesons charged 
positively and negatively. The magnilude of the meson 
charge has not hemi measured directly; from imiirect data 
however, it is found to beecjual to that of an eh'Ct ron. liather 
recently (IIM 8 - 0 O), proof was ohtaiiKMl of the existence of 
mesons without any ek;clric charg(‘, neutral mesons. 

Mesons turned out to be unstalde [larticles. They live 
only a short time and then ilecay. fhe di'cay t inn; of a meson 
dt![H;nds on its energy. A slow meson has a half-life of 2.'ir)X 
10 ”® sec. 

VV^hen a mi'son di'cays, the eiH;rgy associated with its 
mass is coiivertcMl into the kinetic energy of ot her, lighter 
particles that arise from the decay. This is what underlies 
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tho of measuring lli(> lialf lives of itk'Soms. 'Jo inako 

lh(* (\ss(*ii(*(' ol I his iii(*lho<l clear, Jhf* readc'r’s alleiilioii is 
(JirockMi lo a proccdiiri^ iisimI al ]irt*sciil lo deli‘rini ik‘ the 
din'd ion of motion (jf liigh-eiierj^y ionizing- parliclos. 

Piclun* I Jiree (loiter--MnIh'r coiiiitcrs d, //, ajjiJ (■ (Tig. 42) 
arrajij>t'd so tJiaL their axes are parallel. If a siiighi ioniz- 
iiij^ particle |)asses thronji^h all tlin'e count('rs, there will lx? 
a discharj^e inc' ach one of them. The instant of discharge in 
eacli counter will diilVr hy a 
laps(‘ of lime required for the 
particle lo cover tin' distance 
lietween the count(us. Siina; 
the sj)eed of high-('nergy par¬ 
ticles is close lo that of ii.i^ht, 
and the distance between tin' 
counters is only several tc'iis 
of cc* 111 i jrit't res, I hi s li nie wi 11 Ix' 
is so small that the origin of discharges in all three counters 
may bo consitlen'd as simultaneous. L(‘t us coiun'ct all these 
counters in coincidence. This means that the electronic cir¬ 
cuit that ajn]>liii(\s the ])ulses ])roducecl during discharges 
in the (ieiger-Muller counters isconinx'led in such a way that 
it records only cas(\s when there is a simultaneous discharge 
in all three counters. Jf, for example, there is a discharge 
iji two of the counters, and none in the third, then such cases 
will not be reconh'd wheji tlie counters are connected in 
coincidejiC('. Therefore, if the coincidence circuit is trig¬ 
gered this means that discharges have occurn'd in all three 
counters, that is, in other words, that the iojiiziiig particle 
has passed through all three counters. The position of the 
counters is what determines the |)ath of the particle. Possi¬ 
ble tra jectories of such a jiarticle are shown in Fig. 42. Such 
a group of coujiters (h'signed to determine the directioji of 
motion of a cosmic })article is called a teh'scope. 

A tel(?scope may be used to establish not only the path 
of the particle (the direction of its motion), but also lo 
determine whether the jmrticle umlerwent transformation 
over this distance. To do this, a fourth counter I) (connc'clod 
ill anticoincidence) is addeil lo the counters .4, H, and C 
connected in coincidence. An anticoincidence circuit is one 
in which the amplifying valves are so connected that the 



Ifisl stago of the cinuil is Iriggorcd only wlioii discharges 
occur in llu^ thnu* coiiiilers coiiik'cIcmI in coincidence*, while 
in the ronrlh, supplenienlary counler, />, I here* is no dis¬ 
charge. Jl a siniullaneons discharge occurs in all lour 
counlers, Ihal is, if an ionizing parlich* passes through 
all the counlers, I he anticoincidence* circuit will nol re¬ 
spond. (lonse(|ui*nl ly, such a circuit 
regisli‘rs oidy such cases wheJi 
I he ionizi ng par! ich* passi\s tlirough 
counlers .1, 7/, and C, hut disap- 
pe‘ars hedwen'ii connleo' C and count(*r 
/>: using such a .system of coun¬ 
ters, il is po.ssihU* to determine the 
half-life* ejl a meson. 

An ex|)erimenlal arrajige^ment to 
eleU*rmine I he* half-life ol a mevson 
is .vihown iji Fig. Here, t he three 
counlers .1 re*gisle*r I he direct ion eif 
the Hying particle. 'J'h(*y are ce)niie*ct- 
ed in coincielence*. To se'parale* the 
(‘lectrons and j)osilre)ns from the 
mesons, a iO-cm. layer of l(»ad 
(enough to absorh the soft com])o- 
nent) is interposed between the* lirst 
and se*cond counte*rs. The electrons 
and positrons are not ahhi to pass 
through all the A counte‘rs; there^- 
lore a simultaneous elischarge in 
the.se counters can occur ojjly when 
a meson pa.sses through the coun¬ 
ters (aijel the lead). Afte?r y)assiiig 
through the thire A counters, the meson ejjters a lead fil¬ 
ter, 7’. In this lilter, some ol the mesons are slowed down 
completely and some (de|»ending upon their initial energy) 
are capahie of goijig furthei’- "1 o .select tho.se ca.ses when the 
mesons are coinplel(*ly slopped in the filter 7', a number 
of (leigi*r-Muller counters (■ me placed ujjd(‘r the filter. 
The (' counters are arranged so that any me.son that has trav¬ 
ersed the T lilter will ])ass through one of t he C counters, 
(counters A and C are connected in anticoincidence, that 
is, the electronic circuit registers only cases when the 
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iiK'soii has |)assi*(l llirongli all lli(> .1 comilors bill has not 
j»ass(Ml Ihroiiyli a singli^ oin* of I lif‘ (' rounU'rs. Oliviously, 
Ibis will occur only wh(‘ii llic rnoson has hi'cii sl()p|H‘il iu 
I he siihslanct* ol I hi^ lill(‘r T. 

This meson, as we aircsoly know, will •lecay ami produccj 
an (*l(‘clroii with an eii(‘rgy ol I he* onler ol 1()() million elec.- 
iron volls. Il is I he job ol couiil(‘rs li alonj^- i‘a( a side ol' 
fillcir T to calch sucli elect rons. However, since* Ihe meson 
dcM'S not decay inslaiilaiieoiisly, IJie (‘leclroiis will e.iil(*r 
coiinl(‘rs // sliirlilly alter counlers (' and .1 Jiave heen 
tripjKMl. Kor I his r(‘ason, the eleci ronic circnil was arranged 
so lhal Iht* disc-hai%n‘s in counlers H wen* recordeo' with a 
cin*lain iL^iven lagwilh res|)ecl I o counU'rs and A. I>y varyinf^ 
lln* lime la,i>‘ and measuring the* mimher ol' |)arljc-l(‘S regis- 
lered h\ counlers //, il is ])ossibh* U) di‘l(‘rniine the m(*son de¬ 
cay rale. As we have already staled above*, the hall'-lile ol 
a meson was lOund lo lie iO~‘’sec. 

Mesons makiMip the hard componi‘nl ol cosmic radial ion. 
Al se‘a-h‘vel 70 per c(miI of lla* cosmic radiation is com¬ 
prised of im‘.sons. 11 iu’li eni‘rji:y rni‘sons are* capable* ol lT'av(*rs- 
conside‘rable* I hickness(‘S eif l(*ad. llow(*vi*r, lhe‘yarc‘ una- 
Ide* (o cover a hi^' dislance in air bee*au.se Iheir liielime is so 
shorl. Kor this reason, mesons caniiol be a componi'iil [larl 
ol Ihe primary cosmic radiation coming lo (*arlli from cos¬ 
mic sjifice*. '] hey are secennlary formations created iii the 
(‘ajlh's almosphere. 


The Mass of Mesons 

An inler(*sling method of delermining the mass of mo.sons 
was develo|>eel by a group e)f Soviet scientists headed by 
A. I. Alikhanov ajid A. I. Alikhanyan. 

In 4.0, this groui) of wairkers organized a permanent 
station lor ct)smic radial ion studi(*s on Mt. Alagyozatan al¬ 
titude of .'b^oO m. Work at this station is still in jirogress. 
A spi*cial permanent magnet, lo create^ a strong magnetic 
fiebl in a large* volume (with an iiit(*rpol(* gap of 8 cm. < 
12 cm . . oO cm. and a li(*ld intensity of .'^840 oersted) was 
carried to this lieighl. The magnel poh*s were rectangular 
in cross-section with siele*s of oO cm. .: 12 cm. The magnet 

nil 
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was set iJ|) with ltu‘ .")() t in. side oi tlie rectiiugle slaiidiiij”: 
V(M*lieal. i’liis was doia* so that the iiiroiiiiii^ cosmic particles 
would cover tlie^reatosi possilde distance in the nia^iadic 
tiidd. This ma^iK't was used to study thi* didleclion ol iiu'sons 
ijj a ma^iK'tic ti(*ld. 'I Ju* mas^nitude ol tin* ili'llecl i(UJ made it 
])Ossihle to determine the m(‘Son mass. 



44. L;\y«iuL nl' llir likljMiiv.in cxjjcri- 

iiieiils lor dcI rriiiiiiiiiiLi I In' ina>ses of i tjsmir rji v 
piirl ides. 


The layout, shown in Kij.;:. was usi’d to measure the 
maf^nihnle (»!' deih'clion ol lm^s(»ns. Three rows ol counters 
(i, 7/and 111 ) map out the |>ath of the jjartich*. d’hi* first 
two rows ol counters ahovt* th(* j»oles ol tlie magnet are de- 
sif^Ji(*<l to determine the path ol the particle* l>elore its ejitry 
into the magnet ic lield, the third row ol couiiters records any 
chajiire in the Jiiolion ol the parlich* over the ,")() cm. path 
that it covers in the ii,S1()-oerstcd magnetic, fiehl. 1'he 
path oi the particle is d(*t(‘rmijied in the* lollowijifr majinor: 
each one ol tlie Gei^erMnHer counters in tht\se three rows 







is coiniociod willi a lamp wliicli flas’ie’s wIkmi an ioniz- 

iji^ parlicJf passes (hnnitrli i(. 

1'liosc Uircjo fi;n)ups ol counters are conneded in coim i- 
(leiKC, that is, the circuit registers only cases when t he particle 
passi?s throngli coiinleis in all three rows. A motion picture 
machine is lh(*n actualed to record on Jilin thi^ three neon 
lain|)S thai Hash. Iiv ih^lermining which ol the counters in 
rows /, // and /// are tripped we find out the dellection th(i 
partieJe e.\])eriejiced when [lassing tlirough the magnetic, 
ii(dd. 

The axes ol' the counters were set in the direction ol* the 
lines of force of the magiu'tic lield, tiiat is, perpendicularly 
to the poles of the magnet, d'he magnetic lield is directed 
parallel to the plane of the drawing. 

However, hy itstdf tluj <l(dh*(‘lion of a f)article in a mag¬ 
netic liehl is not (nK)ngh to del ermine its mass. 

As has already hemi pointed out, the dellection of a charged 
particle in a magnetic, field deteniiines not its mass but its 
niomenlum, I hat is, tin* jnoduct of the mass and velocity. 

To get an idea of the specnl of [)arl.icles, a study was made 
of particle absorption in lead. Kor this purpose, a o.^-cm. 
thick lead block was placed under tiie third row of coun¬ 
ters. Under this block was a fourth row (JV) of counters con¬ 
nected in aniicoincideiico with the first three rows. This 
connection of the fourth row of counters in anticoincidence 
with the Jirst. three means that the electronic circuit that 
actuales the motioii-picture inachiiie is triggered only when 
a particle passes through certain counters in each one of the 
first three rows but does not pa.ss through a single counter of 
row I V. 

Thus, the photographs obtained of noon-lamp flashes 
register only those cases when a particle passes through 
three rows of counters and then gets stuck in the lead block. 

However, three rows of counters were found to be in- 
siiflicicnl to give a reliable determination of the trajec¬ 
tory of a particle, and in subsequent e.v peri merits the numher 
of rows was increased to live The magnetic field was also 
increased. In the [irocess of investigations a rather large 
niiinhei* of cases were found w^hen particles that were hut 
feebly deflected hy the magnetic field were absorbed in the 
lead filter. If such particles had a mass of 200 electron masses 
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(the s\i|)pc>s(Ml tnnss ol' Iho iiiosoii), llu'n sliglil (Ipfleclion 
ill a ic lic'ld woiilil liavo rncanl Mial llioy possosstMl a 

luigt' energy, siillicit'iil aL any rale Id ])nsh llu'in tlirongli a 
layer f)f lead 7.kA cm. in tliiekness. Hnl in a layi'r ol lea<l of 
this thickness. Me particles are comph*l(dy slowed down, 
'i'he oidy e\planarKni is I hat the mass ol the parliele at hand 
is more t han 20(1 td(*clron masses. JiidecMl, I he greater the 
mass of a fiarticle (lor a given moiiKMil iim) I he less its sp(UMl 
ami energy and th(^ more slrongly the |)arlicle is decelerated 
in a h‘ad liller. 

'riie Y(ny lirsl results oi‘ the Alikhanov--Mikhanyan inves¬ 
tigations showed that among Ih(^ parlicles passing hi'lwcMui 
th(5 p(d(‘S oT the magnet there w(‘r(‘ not. ordy 200 elect ron- 
mass m(*sons hnt also other particles with a massinl(‘rmedi- 
ate hid wi*en 200 (‘lect ron masses and tin* mass of a |>roton. 
Siih.s<‘i]nent ly, alti*r refining tlu'ir apparatus, tliey found 
parlicles with masses close to 200, (>00 and i)00 (dec! ron 
masses. 

Still more interesting inrormation ahonl- mesons was 
obtained liy means of thick photographic lumilsions. It 
we take plat(‘s with a lini' grain emulsion, it is |»ossild(! 
(Ironi the nature of the track) to distinguish parlicles ol 
dilTermit ionizing powm-. 1'he greater tin* ionizing power of 
a particle, I he iriore Idackened grains of the eirniision are 
delecd(*d along its |»ath when tin* plate is develo|)ed. Tlie 
nimiher of Idackened grains p(‘r unit length of path of the 
particle is an indication of the ionizing pow(*r, and hi*nce 
also the s|)e.ed of the particle, rims one can gi‘t an idi'.a of 
the speoil of a jiarl ich* from its trai k in a [diologra])|jic emul¬ 
sion just as in a cloud chain her. 

Ilegisf rat ion of Iraeks in emulsions has many ad vantages. 
A photographic emulsion can reconI (lie range of particles 
of much greater iu)ergii*s t han can a cloud chamh(*r. The den¬ 
sity of emulsion is approximately 2,000 times that of air, 
ami so a particle Mail covers 10 cm. in a cloud chamlH‘r will 
cover only oO microns in a pliolograjihic emulsion. Modern 
emulsion photographic |ilaU*s Jiave thicknesses of .several 
niiJIimetres. ]n sucli yilaliis (if the layer of (‘innlsion is in a 
vertical position), a yiarticio can cover a dislami* u[» to 10 
centimetres. 'The satin* particle would traverse roughly 200 
metres in a cloud chain her 



Tlu' possil)ilil.y ol* inc^asiiriiig the ran^os ot hii^li-oiiorp-y 
pai'lirlcis is an esst*Jilial advanla^^t* ol tli(‘ [jliolo^napliic. 
ojjiulsion irirlliod. AiioIIkm- advanlay-i? ol' no small 
canco is thal a slack ol photojf^rajiliic* plains may l)»^ o.\ posed 
to cosmic rays ilnrin^y a period rd’ lime l<)niy enough io re¬ 
cord on a sijif^lo |dale (or to he more (‘.vact in on(? stack 
ol plat(\s) a lar^(* nnmh(>r ol' I In* most divt*rs(; cases ol'cosmic- 
particle intcM'action. For this reason, photographic plales 
are (‘specially convenient lor recordiiii:’’ rare |)rocess(‘s: it 
has l)een possible to ohservi^ in I hem ccntain delails ot thc! 
trajisl'ormation ol' particles which iisnally (‘sca|»e Hit! worker 
in cloud chain hers. 

Ill UI47, Powell ami Ot'chialini piihlislie*! th{‘ results 
ol' their remarkalile investigations ol' tracks ol* cosmic par¬ 
ticles in thick pholoj^raphic emulsions. ()n somt‘ oi IJie pic¬ 
tures (one ol' whicli is shown iji Fip^. XXXII in the App(*n- 
di.\) ohiaiiied l»y I h(‘se workers, we can s(‘i! I lit! (‘ml ol I htj 
jialli ol a {larticle (in Fig. XXXII this ])arlicle is mark(‘d rr). 
I’he track this particle left in liu* emulsion of I he jilioto- 
grapliic. plate is v(!ry long, much grealer than thi‘fiidd of 
view of t he inicroscopi? in wJiich lh(! track is (examined. And 
so a whole jialchwork of a large iiumlxM* of microjiliol ograplis 
had to he huiJl up so as to get a full picture of this 
track. 

Idle position of the hlack(Mie<l grains of the emulsion, 
or to he inori! (vvact, the numiHU’ of lli(‘S(! grains inodiiceti 
per unit length of patli determines the s|K‘ed of the particle, 
and the length of the track deliMiniiU!S its energy, d’iii* data 
on the eiKirgy in conjunction with tlu* known magniliuh; of 
the spe(!d jiermit of determining tlu* mass of llie jiarlicle. 
It. was found to be roughly 300 electron masses. 

It is (^asy to detormiiie the direction of inoliou of thc ])ar- 
ticle. A moving particle gradually loses its energy, and its 
sfioed; and, as we know, the ionizing power of the p?irliclo 
increase's as the spi!ed diminishes, d'lu* higher the ionizing 
jiower, the greater will ho the nninher of blackened grains, 
('ojiscqiieiit ly, the mol ion of a particle that lias l(!ft a track 
in the emulsion occurs from the point where the dc'iisity 
of blackened grai ns is small to I li<^ [loint where it is grt‘at- 
est. Idle end of Ilie range is characterized by maximum 
density of the blackened grains. 
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In this pirlun‘ wr s(*(* that al point A (tlio ond oi the rango 
ol a particle* ol mass iUK) ///^,, wlicro is the rest, mass of an 
(‘locLroji) thcMv appeareMi a new |»article, the whole* ran^m 
ol wliich was on this same photoii:ra|)hi(‘ plate. In V\^. 
XXXJl, this particle is la helled )i. A mi*asnri‘m(‘nl of the 
ranj^^e of this particle and also ol its ioniziji^' pow(*r (from the 
mimiH'r of hlaclo'iied j^nains) made* it possible* t») elele*rmine 
its mass, which tnrneel enit tei he appro.ximale*ly 200 ///^,. 
'j'lnis, Fit^. XXXII illustrates the t ranslonnarn)n e)f a par- 
licle? of mass 2)00 i nt.o anett her |)arl icie ol mass r»he)nt. 200///^. 

On the basis e)l t he*se elata, and also e)l the resnlls of 
inve^sli;.,^M^ ions of similar f)icliire*s, JN)\ve‘ll and OcchiaJini 
elrewthe e’oncliision tliai in aehlil ion to inese)ns e)f massclose? 
le)200 /A/,, there must i)e nie.sems with a mass ronglily eepial to 
300 'J'he*y called rne*se)ns of mass 200 ///^. imi-me'sems 
(|i), and those of mass 300 |»i-inese)ns (tt). 

Jn 1047, mesons were eihtaineil artificially by bombard¬ 
ing liervUinm, carlH)n, copfier and uranium with alpha 
particles ace’edeM'ateel in a synchrocycle)lron te) an energy of 
over 300 millie)n e'leclron-volts. The iiumh(*r e)f mesons e)b- 
serveel increased with flu* energy of the alpha particle*s. liy 
the deflectiojj of the*se* mesons in a magnelic liedd and by 
their range it was ])ossilde to deteianiia* lK)tli tin* sign of 
the m(*son chargt* and its mass. 

Jt was found that there pi m(*sons of positive* 

and jjegatiM* charge. "J3u* mass of both pi in(*sons was the 
same, 271)///^.. M ii-iiiesons ol both signs also occur. I'heirmass 
is 212 

In addition to the charg(*d ])i-mesons, ne'iitral f»i-mesons* 
W(*r(^ also discover(*d. Since tJiese particles iiavi^ no charge 
th(*y do not ionizer matter and therefore cb) not h*ave a track 
in photographic emulsions. Their (*xistenc(* was hyf>othe- 
sized on t he basis of i inlir(*ct data, by t he a})pearanee of gamma 
quanta (of energy of the order of 100 in ill ion electron- 
volts) into which the neutral |)i-m(‘son decays. 

Tin* mass of a neutral pi me.'^on (h‘diiced irom data on 
the energy of gamma quanta pro\t*d slightly l(‘ss than the 
mass of a charg(*d pi-rneson, or 2f>4 ///^,.Tli(* n(*utral pi-meson 
has a liletime of only 3> 10”^^ sec. 

* !\cMl ral pi-inc.‘^oiis iin* designated by tc® lo distijigiiislj Iheiu from 
the t iiagred mcsuiis t: ' and t: 
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Nuc'l(‘ar TraiiKroriiiatioiis ProdiK'Hl by PI-M<‘Soiis mid 
Traiiisroriiiaiioii of Pi- mid Mii-!llrsoiis 


While* slinlyiii.H’ I lie Iraeks ol' |ii inesojis in eimilsioiis, 
1N)W(‘11 an<l ()( ( ljifili ni nnl iceal niiiny e ases wlii'ie* I In* jii-iiies- 
oNs |K*ti(‘( rated i n( o at nriiie nuedei ni i Ik* (‘innlsion and de- 
stroyeel t hem. Fii^. \\\lll in Lin? Aj)|K‘ndi\ shows ])hoto- 
graplis e)l such I ra nsrormat ions. 

A pi-ineson i‘nl(*rs a nuih'iis rarryiny- witli it a tremen¬ 
dous ener^jfy. it is dm* lo this energy that many j>arlic*le.s 
(protons, jienlrons, aljiha ])arti<les) leave* the* niiedeus. ]n 
Uk* prex-ess, such light nucii?i as those of e‘arl)on, iiilre)ge*ii, 
oxygen e*an ceniiplet.ely l)re*ak up inl<» se|iarate* particles. 
Such nucl(*i se‘eni ie) (‘\ jilode. d'he ])arlie les |)re)dured in tJio 
explosion may he* e)hserve*el hy the Iraiks they le‘ave in the 
emulsion. Fig. \\\JII sln>\vs how pi ine*sons destroyed 
jiisL such light, nnch*i. hhn‘h pictures shows the* tracks of 
three eir tour [)arlicles proelue*e*el |iy an c‘x|)losieni. I'he* track 
of the jii-nie'son steijis at. the point e>l the e*\ple)sion. 'I'he ])i- 
ineson is ohvieuisly ahsorlK*d hy the nucle*us. 

At First glance \l may seem I hat there^ are* loo lew parti¬ 
cles in the [iholograjihs, since there are* twelve; particles in 
a carhe)!! nucleus and sixte*en in a nucleus ol' eixyge*!!. I>ut 
recall that, not. all the; particles in a nucleus are* capahle eit 
ionizing. iNeutrons, being ue*utral ]>articles, elo not ie)nizo 
and thereleire; lhe*ir tracks in the einulsieui are* not visible. 
"rhe*re are* conside*rahly lewer chaigetl partie*le*s (pre)tons, 
alplia part ides) cajiahle eil pre)elucing ionizat ion. .\ carhein 
nue-.leus lias six protons and an oxygen nucleus (*ight. IIow- 
e;ver, tlu; elisi ntegrat ion of a nucle*us is not always allend- 
eel by the* eje;ctie)n ot jirotons; alpha |)articie*s containing, 
as we kne)w, (wo |n'e)lons and two neutrons, are sometime‘s 
eihserved. 'Fhe e; je*ct ion e)!" aIpha part icle*s roelucesthe possi¬ 
ble visible; juimiier ol partich*s. t'or e‘xample, it only alplia 
particles w(;re ejected in the; »lecay ol‘ a nucleus, we sliould 
observe only three; particle*s in the elecay of acarbein nLich*us 
and einly four particle's in the decay of an oxygeni nucleus. 
In actuality, inotons ajul alpha particles and Jieutrons are 
ejected. 

The pictures w’o examined and also a largo number e)f 
others show that pi-iiiesoiis are nuclear-aclirc particles. 
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This Icrni onipliasizos Iho ahilily of j)i-m'sons to intorncL 
arlivciy willi atoniic jiiirloi and, on (•iicoiiiiliniiig a nucIcMis, 
tuivxciic ils I raiislorjiiallull at IIk* (‘xjh'iiso of the Juigo enor- 
gy iiiiparlfd (o Ihr nui liMis. 

l)olh Iasi and pi nn*sons airoinplisli niicli'ar tmns- 

formal inns, hul l!i(‘y d(» il diUVrinil ly. i\i‘galivi^ |)i inosons 
caiisi* inn h*ai‘ I ranslnrinat inns coiisidcn'ahly inoro olU'Ji 
Ilian »ln pnsilivns. din* mason lor this tiilTt'ivnco is easy 
unniigh l(» nndorslainl. Tho oliargo of tln^ nncdons is jiosi- 
liv(‘. 1 luMvfniH* nii'sniis with a n(‘gali\i* ihargi* are atlracL- 
ed hy il. .\\‘galiv(* mesons do nol need In have a hig kinet¬ 
ic enmgy (n penetrati* inlo a nucleus. For this reason, even 
slow ni'galive mesons can enli'r a nncicms and Iransler to it 
the imergy nl I he mass ol Ihe ine.snn. Jhisilively charged ines- 
ons are ri‘pelle<l hy lln* lindens, and so innsl possi^ss a Jmge 
kinidic energx l<» overcome Ihe repulsion and penelrate into 
ilh* nnch'ns. This dilTerence in I hi' inleraclion of mesons 
xvilh nuclei is Ihe rea.son why nncl(‘i are more often dis- 
rnpled hy ni'galive pi nii'sons than hy ])osilivi‘S. 

I he nuclear adivily of ]/i ini'sons is manili'sled nol only 
in Ihi^ir aliilily In produce juidear Iranslormalions; pi jne.s- 
ims Ihemselves Ireijui'iilly apjiear as a lesiill oMhe destruc¬ 
tion ol heavy and light nuclei hy cosmic jiarlides (jirolons, 
alpha parlicles). Fig, \\\IV shows Ihe explosion of a nu¬ 
cleus produced hy a cosmic jiarlide. It shows not only 
Ihelracks ol heavy (larl ides, hul also of pi-mesons jiroduced 
in Ihe explosion ol Ihe nudens. 

The pro|)er|ies of mn-mesons dilTer essentially from those 
of pi mesons. Mu-niesons proved to he particles that do not 
interact wilh alomic nuclei at all, or that inleract willi 
I hem very feehly. 

Pi mesons havi- lre(|uenlly been observed in nuclear ex¬ 
plosions produceil hy cosmic jiarlides, hut mu-niesons ari^ 
jinl found h) a|)pear. Al jn'ej^enl, nuclei an* disnipli'd hy 
high-i'iiergy pmlons and al|>ha jiarlicl(*s in Iht^ laboratory, 
l^i mesons an* lieijuenl ly lound among the particli'S jiroduced 
in I his process, hnt I here an* no mu-nii‘Sons. Then* like¬ 
wise have hemi noca.^esof nuclei being destroyi‘d hy mii-mes- 
ons. Mu-mesons I ui'ned oul lo he huch'nr inarUcr parlfclrff. 

In I his conni‘clioji it is curious lo nole I hat the idea ol 
I lie jiossihle exislence ol mi'sons was lirst advanced in the 



si*Jirrli lor an cxpla nal inn nl' I lio nal im‘(‘ ol' nn« Ioar rorcf‘S. 
As lias Ikm'ji |)nint(Ml niil, ^ iikawa l»i‘linvi.M| nn('J(Mi' in- 
l(‘l•ac^ion.s In l»n «luc‘ In parlirlns nl' mass 1(K) In 200 TIk^ 
(lisrovt‘ry nl' inn rnnsnns in rnsmic radial inn al. soa-lcvtd 
sc^nru'd I () (“nrrnhnraln Y ukawa's liyfinl hrsis siin (* Iho mass 
nl' lli(‘S(» mrsnns was (•lns(‘ In 200///,,. Ilnwcvor, a <*nrrnlalion 
nl llin projKM'l ics (»!' pi and iiin-mnsnns slinws I hat I In' pi- 
iiiosniis an* nnrh'a r ad i vc and that, consctj n«‘nl I y, (lin iin- 
cU'ar I’nn os an* dim I n I ho ad ion ol'])i jiiosons and not mn- 
mosniis. 

ir mn-niosniis an; not nncloar-ad i vc pai lidos and do 
not nri^i nal.(^ in tlio disrnplion oF alnmio nndoi, Jiow is 
one to (‘.\plain tho lact that it is prooindy I Iiom* mosinis I hat 
arc; prcMlominant in secondary cosmic radiation near tin; 
oaith's snrl'acc* and at small allitndi‘s. W'hoii* and how are 
I hoy jirodncod ? 

L(*t us nMurii ayain In Fii?. \\\Jl, which is inconti'sl- 
ahk* j)rnn| nl I h(* t ransidrinal inn ol' a ])i ini'son into a mn- 
rnoson. ll I'ollows that mn-inosons arise* j)nt nl' I ho decay 
nl‘ j)i-mosons. At hi^di aUitnd(‘S, pi-mosnns aio predominanl, 
original inj4* I roni tho dost rnd ion ol nnch i liy pri mary cnsniic 
particles, J5nt pi-inosons an* v(*ry si o l- iiv(‘d and dn not 
sncc(‘ed in reaching I Ik* earth's snrrace. 

The I ranstormal ion ol pi-mi*snns inlo iiiii mesons is ao- 
conipanied hy I he ap|)(*arance ol' neiilral pari ic l(;s(apparent¬ 
ly, the; so called iK*nlrinos which will he <liscnssed laic*!* on). 
Since no oilier charged particles with I hi^ e\c*eplion nt a 
imimeson are nhsi*rved in tin? tiecay ot a pi-iiK'snn, wa; may 
regard I Ik* pi-nn;snn decay as procc‘eding acd>rding to tho 
I oi lowing scheme: 

TT^ — ;x' I V, 

7T- -pv 

that is, a posiliv(*ly charged pi-jnc*son convorls into a |»os- 
il ivoly charged mn im;son, and a ni*galivi^ mn-mi*son orig¬ 
inates troni a nogalive pi-mi‘S()n. The letter v denolc*s a 
neutral particle (nonirinn). 

d'hc; mean liretime nl a pi-mc\soii was Iniind to he 2.()X 
10~“ siK*., which is nearly 100 times less than the ineau 
lifetime ol a inu inesoii. 
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Tlu‘ (locay of a nm-inosoii producos an clcrlron or posi- 
Iroji, (li'ptMidiii^r ()M Iho sign of Ihc oliargt* ol the mu moson, 
and two nmilral parliclos (nriil rijios) 

— c‘ 

- .e"-|-2v. 

Tlu‘ rosnll is a long rhaiii ol (ransformal ions 
mu linis ->Tr‘- > >r . 

The lasi IhriT links of lliis cliain (tt -p. >r--d(‘ray) liavo 
hcmi ircord(‘d in a mimbrr ol cinnlsion pliolograplis (soe 
Aj)j)t*mrL\, Fig. WW). 

Heavy Mesons 

The iiivesl igal ions of Powell and Ocehiali ni, Alil<l)anov 
and Aliklianyan, and many olluns lia\(‘ shown lhal in addi- 
lioii l<) lhi‘ pi-and mn-mesons, lhei*(‘ (vsisl olher, luNiviiT 
mesons and also parl ich's ol Jiiass inU rmediale hidwecni llial 
ol a |)rolon and a deiiUn'oii. All Ihesi* paiiieh's a;o nnslai)le. 
Tliey deeav aller a \<‘ry shorl lifelime inlo olhm* laniiliar 
parlieh's such as pi-and mn-mesons, elcM lrons and posi¬ 
trons. 11 is from Ih(‘Iracks ol lliesi* Iranslf)rinalions (hat. sncli 
mesons are del eel (mI ami their prop(nlies and mass deter- 
irdiied. 

Af present, we may regard as eslaldished the exisleme 
ol mesojis possessing the I ol lowing values of mass: 

a) Mesons of mass close to -jOO The mass of I hes(^ mes¬ 
ons has nol been estahlishetl very aecnralely. Aeeordijig 
Lo Alikhanyan's dal a, these jnesons are nnelear inactive 
just as inu-mesons. Among the |>arlicles (hat originate in 
Jiuclt'ar e.xfdosions, mesoiis of mass oOO ln^, ari^ not observed. 
They are apparently the decay product of heavier mesons. 

h) Thetd-mesinis (H‘'-and H--mesons). These are 
iKUitral and charged mesons of mass cU)se to 800 1 n^. that 
tli^cay ac<*ordijig to (he .schemes: 

-i TT“, 

The mean lifetime of a neutral thetameson is of the onler 



ol 1.7'10”*®sr(‘. II lias iiol yol been [)()ssil»lo lo inonsare the 
imrnn liiol iiiK' ol' H *-iiu‘soiis. 

o) K-inesons \\\v. rhar^aMl mesons ol' mass close to 1 
liiat decay accortliiiK lo llu* sclienn': 

-i 

'rhe mean lil'idime ol' a A-im‘soii isol llu* ordm* oF 10“*sec. 

(1) TaN-mrsoHS (t mesons) have a mass ol 1170 ///,.. 'I'au- 
m(‘sr)ns have been enconnlin’ed with positive and lu^j^alivo 
charges; they decay ijito Ihree light mesons: 

r -.\. - V tt^ . : tt'' -I-tt", 

--^TT ' -rTr“- i-TT”. 

The mean lif(d iirie oF a lan-mesoii is approximately 10“"sec. 
Tig. \\\\1 is a microphotograph that shows the decay oF 
a tan-meson inlo thr(‘e |)i-nie.sons. 

e) K(if)/)(i-Nirsi)ns (x-mesons). Kappa-rnesons liavi^ an ap- 
])ro\imale mass ol l,2o0 /n,.. A probable Iransloriuatioa 
scheme lor kappa-mesons is the Following: 

X —> ;JL--i-2 neutral particles. 


Hyperoiis 

It has been esiablished that among the tracks oF diilcr- 
ont |)arlic.les iJi |)h(»lographic emulsions there ajX‘ some to 
which wo in list al trihuU; a mass greater than that oF a pro¬ 
ton. Snell particles were called liupcrons. 

Liki^ mesons, hy|KTons are intermediate particles. But 
in contrast to mesons, the mass oF a hyfieron is intermediate 
lad ween that oF a firoloji (1,820 m^.) and a deiiteron (3,072m^.). 
Like mesons, liyperons are unstalile Formations. Their lile- 
time is oF tin* order ol 10“'“ sec.'flie decay oF a hy[)eron pro¬ 
duces one nuclear particle (a proton or neutron) and a pi- 
meson. 

The neutral hyperonis designated byA“(t.he lambda-naught 
particle). It has a mass ol 2,180 ///^ and decays inlo a pro¬ 
ton and a negative pi-meson: .\°— 

1'lie neutral hyjieron has a mean lil'etirae oF3.7xlO“*® 
sec. Fig. .WWIl shows a photograph obtained with a cloud 
chamher. Clearly visible are the tracks ol particles Formed 
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as a result of the rleray of a neutral byperon. The ionizing 
power a ml ol llii*se particles are those of the proton 

and ])i iiji'soii. rroni tlie raii;^e of lliesc’ particles it is j)os- 
sihie lo (l»‘ii‘rinine Mie energy of 11 m‘ proton and pi-meson 
and hence alsollic iiiassol the .V“ jiarlicle from which they 
were' loi'iiied. 'J’hc^ track ol I he hyperon itself is not setm; 
it follows theridrom 1 hat the hypi*ron, whose decay was 
n'corded in the chanih(‘i\ did not have any charge. 

d he tra( l\S of charg<‘d liyperons havt* also l)een ohsi*rved. 
'J’lie mass of chargi‘d hypin'oiis, whose tracks it is possible 
t<i detect. ])rove<! to Ik‘ slightly greater than the mass of 
the neutral hyperim, roughly ///^.. 'J'Jje mean lifetime of 

chargi'd liyperons (\n hicJi are designated as A ‘) has not been 
determined veiy accurately. It is soniid hing lik(‘.‘1 10” 

se<’. IM'ohalile ilecay scliemes of a charged hyjieroii are as 
lolluws: 

A“- U i-TT” 

In ll\(‘se s( hemes, p ihniotes a proton, ami n, a mmtron. 

in additivin to the tracks ot jiarlicles of mass 2,'SM) fn^., 
theie ha>'e h(M*n found tracks of still h{‘avier particles whose 
mass was found to he roughly 2,080///^. (approAimattdy 1.4 
jiroton masses), 'these j)arricles wini^ (ailed cascudr lifjpc- 
ro/is. 'the accepted designation (»f a cascad(» hy])oroii is 
the capita! hdter omega (Si). So far, cascadi*, liyperons 
with a negative charge; (Si“)Jiav(‘ h(*en detected. Tlie exist¬ 
ence of posit ivtdy chargei^J and neutral cascatle liyperons 
is not estahlisJu'd. 

(Cascade liyperons are also uiislahlc*, decaying witliin a 
very short jieriod of time*, ddieir lifedime has not. yet be(;ii 
determined. A negat ively charged cascade hyperon decays 
into a neutral A” liyiieron according lo the following scheme: 

Si”---^ A" i IT' 

\ 

p l-TT-. 

A negativi; cascadi* hyperon decays into a proton and 
two negative pi-mesons. However, the prottin does not ap- 
pi'ir at once hut as the result of a sLepUke process. The cas- 
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cade hyperoii is convorted into a A® particle and a tt"- meson; 
t liis is lollowed liy I he A“ [>iirlicl<3 t ranslormiiiir into a pro¬ 
ton ajid a nee^alive |»i-meson. Jt is precisely because the lor- 
inatiun ol the stable particle (prolon) takes plac(J in two 
stai^es, tiiat tlie primary parlicle (hy[)eron) received the 
name of a cascade Jiyperon. 

Onr knowled^'*(j ot heavy mesons and liyperoiis is still 
exceedingly scant. 'I’lio principal source oF inlorination 
about th(i prof)ertios ol' these ])articlos is cosmic rays. The 
intermediate particles are rather infreqiienl ly encoun¬ 
tered, making the study ol their properties a relatively dil- 
licult matter. However, much should change in this field 
in the nearest future. 

It hasalready been jrnmtioiKMl that machines are in oper¬ 
ation that ari> capalde of imparting to protons energies 
ov(‘r a thousand miHi<in electron volts. Such fast particles 
can create both heavy mesons and liyperojis in laboratory 
conditions. This will help to speed u[) work in explaining 
the unusual properties of the intermediate particles, and 
to gaiji an understanding of their nature, and to determine 
the (umtriluition of these particles to juiclear forces. 

A new remarkable discovery was made in December 1955 
by means of such aji accelerator. Tlio American physicists 
CbamlxMdairi, S(*gre, Wiegand, and Ypsilantis detected par¬ 
ticles possessing |)rol.onic mass l>ut charged negatively. These 
])articles were termeil anti pro Ions. 

Scientists had long b(‘en in search of such particles. 
W’e kjiow of two ty[)es of electrons (those with a negative 
and a positive charge). Pi-, mu-, and K-mesoiis likewise 
liave both charges. But protons were always encountered 
only with a positive charge. It might have been expected 
that if protons could originate like positrons and electrons, 
tlKJie should he a particle of mass equal to that of a proton 
but with a negative charge. These two particles—proton 
and anti proton—should origiJiale simultaneously. The crea¬ 
tion of such a pair would require an energy of over 4,000 
millioj] el(‘Ctron-volls. 

Anti protons were discovered in the bombardment of 
copper by protons of energy 6,200 million electron-volts. 
Protons and anti protons combine and disappear, giving rise 
to a large number of mesons. However, charged particles, 



sufli as olcrlmns ajid proloiis, arc jiot tlio only ones Hint 
OAisI in Uu^ Inrm ol nnlipnrliclc*s. N(‘nlrnl pnilidos linvo 
this f)r()pcrly, lo(». 1’lms, l^ork, LanilK‘i*lsc)n, Piccioni and 
WVnzcl disc ON (n*(*d tla^ oxislcnicc ol llii' anlincutron. (IDoT). 
A cliaracU'i'isI ic loaliiro ol anti pari irios is llial. an anti- 
paiiid(> can inU'rad wilit a partido and l)(>romo aniiihilalCMl, 
^ivin^ risr, in Mk* proooss, lo ollior ty|>os ol’ partidos. 'rjnis, 
a posilron and (*locl ron on nniliii^' disajipi^ar, ^ivino: riso 
to two j^ainma quanta. joint tlisaj>p(.‘arajic(i ol' a proton 
and anti proton n'snlls in I In^ l»irlh of a jnnltilnd(^ ol' nu^sons. 
'J hi? same* lia|)pi'ns wliio a iitMilron and anlinonl ron unite 
and ar(‘ anniJiilated. 

1'he {)rolon and anliprolon have idiolicai masses and 
dilTi'r oidy in I he si^n ol I he rhai%»i‘, llial ol the proton lieinj.^ 
j)osili\e and lhat ol Hie anliprolon, iK‘^al.ive Tlu* neutron 
and antineiilroll nol only have the same mass, Hiey lail 
lo exhibit any dilTerenee in diarire, whieh is zero in hoth 
(•as(?s. "I lien i.s I here any dilTerenee hi‘l\vi‘en these particles? 
Yes, Hiert‘ is. Like I In* oHii‘r demenlary [la nicies, the ikmi- 
l ron possesses a mechanical inomeiil (spin) and a ma^netii’ 
rnoiLunil. 'rin* anlineiilron liki*\vise has a mechanical and a 
ina^nelic mommit. However, il' the di red ion ol I In* meclian- 
ical moments ol' a neutron and anti neutron is Hie same, 
the magnelic moinenls will he oppositely direct ml. 

A^nlii About roKiiiic ILiys 

Since Hie discovery ol cosmic rays onr conce|)l ions ol' 
them have nndmgone consiilerahie chanee. ll was pointed 
out, earlier that dnri ng I he early stages ol cosmic ra\ si n- 
diesthi; rays wen* jielii'veil lo lie an elect romagnt*! ic radia- 
lion with a V(?ry short wavi? length. 

'The Holln* Kolhorsler experiiiieiils on the one hand and 
those* ol I). V. Skohi*ltsyn on Hu* othi*r eslahlisln*d a dil- 
b*rent liy[)otliesis to the elTect that cosmic, rays are elec¬ 
tions. However, Skohdtsyn was Hie Jirst. to note that the 
greater pari ol the elect rons ohsi*rved an* lerr(‘slrial in ori¬ 
gin. 'J'Jii'y are created through Hu? inU*raclion ol some sort 
t)l primary partid(*s with our atmosphere. 

At present it is Ihonght. Hial (*lect rons are nol Hu? primary 
cosmic particles. IJiis conviction is hased on two tails; 



llu* first is coiiiKM-lcd with tlio idTi'ct |)nnliic(>(l hy Iho 
rartli's ic Jicdd on cosmir |)nrtii‘h*s. VVo lia\(' already 

noted lliat the (>arlh’s ina^rjielie li(dd didl(‘(*ls iJicornirig cos- 
mie rays lo I Ik? niagiielic ])olt\s. Cosiiiic f)arl ieles wliose 
energy not v(‘ry jrivat are defl(?rt(‘rl lo lh(' poles. How¬ 
ever, pari ides ol ;^reater energy are ahh' to rt'adi the eHnalor. 
'J'he inajJiiel ic. ficdil acts on cosmic pari ides hecause of their 
diar^e. \Vhat is thi‘ cJjar^e of cosmic parlides:‘ We already 
Jviiow that diar|[f(‘s of diiTermit si^n are defied(?d in dilTer- 
eiit <lirecl ions, (lalciilal ions show that pijsitively chargCKl 
partich‘S are <l(dl(M*ted i)y th(‘ (‘arlh's mai>;netic fitdd lo the 
east, that is, lht*y mov(? (earthward from Die west. Nega¬ 
tively charged ])arlides ohs(‘r\(Ml n(?ar IIk* (*(|nalor come in 
Irom the east. 

In ord(M* to ri'solve I Ih> prohlem of I ht‘ sign of I Ik* chargi; 
of primary cosmic ])articles, a group of Soviet scientists 
headed hy S. ;\. Vcnnov organized an ^^\pedi!ion to e(|ua- 
torial latitudes. 'J'her(>, sounding balloons carri(‘d into the 
st ratosj»lKM*i* grtHips (lcdescopi*s) of Cieiger-Miiller coujiters 
which could be orienlt'd w('slwar<l aid c*aslward by nK*ans 
of a Sj)ecial ilevice. Signals irom the lidescopes were l(‘- 
lemelered |o apjiaral ns on Die shij). \\‘rnov's investigations 
showed lhal the primary cosmic parlii l(‘s moved earthward 
from the west, and that cojis(‘((uently llu'v carried a positive 
charge. 

Jt is noteworttiy that in IttHt) the .American .lolnison 
conducted ol»servat ions to estaldish th(' direction of flight 
of tin* jirimary cosmic particles. ||e arrivi'd at the erroniMins 
conclusion that cosmic parlich's are e(|ually dirc'cted from 
west to east and from east to west. For Jiearly ten years 
this coiidnsion cri‘ated confusioji in vii‘ws on Die nature of 
cosmic radiation. Only through Die work of Verjiov did it 
hecorne clear that .lohnson’s conclusion was incorrect; this 
was a|)parently because he had not l>een dealing with pri¬ 
mary cosmic particles. 

'riie second fact, indicating I liat tin? ])rimary cosmic rays 
are not. (dectroiis is this. 

it. is known tliat elect.rtiiis entrant, in tiic earth’s atmos- 
pliere multiply creating showers. For sncli a shower to ri'ach 
the earl h's surlace wit hont iieiiig absorbed in the atmosjihero, 
the ])riiiiary electron iniisl posst'ss a cojisiderahle eiiergy 



(of Mic order of 10*" (dec! ron-volls). OLserval ions carried 
out by \ eriiov sliowed i lial iliere an* no el(*t lrons ol such 
energies iji I lie ii|>j>er layers of llu* al nios|>iit*rt*; which imvins 
( hat il isn’t (‘led roiis (Jial iirodnce all lh(‘ miujerous secondary 
parlicles which wt* (diserve al (he earlh's snrfact* and al low 
alt i I udes. 

NeHlu*!* can positrons ami mesons be llu' primary cosmit* 
paiiich's. rin‘y are shorl-liv(‘d and are delinilely secondary 
in origin (lhal is, Ihey oriyinale in llu* (‘arl h’s al inosplien*). 

Wlial an* I hes(* primary cosmic parlicJi*s? 

H(*ci*nlly much intormalion has lK‘i*n amassed indicalin^ 
I hat llu* )»redominant pari of I he inromini>' cosmi(* parlicl(*s 
made nji of [irolons. 

Of conrsi^, we do nol obs(*rvi* prolons in cosmic radiation 
al llu* eailh's surface b(*caus(* Ihey an* a]>sorln*d by llu* al 
inosjihen*. Ihiwever, al hi^h allilndes lh(‘r(‘ is a ralher lari^c 
]inmb(*r of protons, and their nnmlK*r iiu‘i‘(*as(‘s wilh ju*i^hl. 

Prolons are nol llu* only parlich's of cosmic rays. 
1‘he composilion of cosmic, radial ion is i‘.\lremely coiii- 
pU*x. 

(’.(‘I'laiii conclusions conc(*rnillu* composilion of cosmic* 
rays Jiiay be* drawn on Hu* basis ol dala oblaiiu*d in slralt)- 
splu'iv lli^hls. l-.i*t ns auain reinrn lo Tii*'. 17. I'rom Ibis 
ti^'iirc^ il may be* S(*en lhal llu* ijil(*nsil v ol cosinii* radiation 
do(*s nol change* from an allilndc* of oO km. to JliO km. It 
is nol dillicnll to(*\plain why. In pa.ssi iil*’I hi'oin»h I lu* (*arl h’s 
atmosphere down lolh(*S(* allilmh's, ihe primary ]>arlicles 
encounter such a small lave*!* of malic*!* (above oO km. the* 
layer of malU*r is i*qual It) otu*-l hon.sa ndl h of tlu^ layc'r of 
the (‘iilirc* al mos|)lu*re) lhal st*condary |)rocc*.ss(*s «lo not have 
time loshow any perc(*pl i blc^ di*vc‘lo|)ment. Kor Ihis n*ason, 
llu^ bnikof cosmic pari icU*s al I hese allilmlesmay be* n*trard- 
cul as |)rimary parlicl(*s an<L whal is more*, an apprc*ciable 
I’raclion of Hu* primary parlich*s rc*ach lowc*r alliludc*s. 

(Ibserval ions wilh phol oi»raphic |)laU*s carric*d out at 
all it udes c*\ci‘edi njfjr 2.) km. have* (*.\hibiled hiyli (*nc*r^y |>ar 
licles wilha lari^r efinr^r. Such parlicles have not bec*n loiind 
J)c*low' 20 km. A nnniber of ob.^^eval ions, and a 1st) Ihe I act 
that evc*n at an alHtnde of 20 km. I lu‘sc* parlicic's liavc* a dom¬ 
inant downward diredion. have estaJ)lished (bat tbeso 
])articies are o: primary oriiriii. 
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Ilovv is il, possible l o tlisliiiLniisli |)nrl irl(*s willi a lar^o 
cbar^i* Iroiii oUkm* pailieles? Ibis may be done by eheclv- 
ing llie ma^nihide ol the i(ini/in^ j)«)Wer. 'riieory slah‘s 

fliat llie ioiiiziii^^ |)r)\ver oF a particb^ vari(*s as the ratio^f 

wIkmv / is the eliar^t* ot the pailiele, and v its spe(‘d. 'I In is, 
partieles with a lar^e charge slumbl possf‘ss a I rmneiidoiis 
ioniziii)^ |)o\ver (set* Appendix, Fi^. I\). d’lu* trac ks ol llu'se 
exceedingly iieavily ionizing particles \vc*r(‘ observed in 
(‘innlsions ol' jiholo^iapbic jilales i*aise<l lo heights ol' iU) Kin. 
An i<lea ol lla* ionizing’ power ot such jiarticles may lie 
gained Irom Figs. |\ and W.WMIl (s(‘e Ap|)endi\). 

Fig. J\ sliows a I rack Ioi iikmI by a parlicle in a jdioto- 
grapliic (onulsioii. 1'lie ionization prodinc'd by this |)arLi- 
cle is so great Ibal its track <lo(‘s not exhiliit tlK‘ individual 
grains but rorms a conliiinous strip ot d(‘veloped silvi‘r. 
1’he accompanying scab' gives an iilea ol* the* size ol this 
strip. Fig. XXW’IIJ shows in comparison Ihe piclurc's ol a 
track Icdt in I lie ennidsion by an alpha particle cnnilted in 
the dc'cay ol' Ihorium and the tracks hdt by a cosmic par¬ 
ticle* with a big charge. It may be seen that the ionization 
prodiicc'd by such parlicb‘s incrc'ases wilb tin* d(‘creasing 
energy ol t lu^ particles. Judging Irom its ionizing power 
and range, the* charge of tJiis [lart icie is ecjual t o lo elem(‘ji- 
tary units. 

A study ol* sucli mull i]d(? charged particle's showc'd that 
there*, are .some among them with cdiarges Irom aij: lo 
lortff. VVJiat are tbc'.se particles with sucJi a big 
charge? 

A careful examination of tracks left by them in tlie* emul¬ 
sion of a ])bologra])bic plate is convincing evidence that 
they are^ tlie* nucb*i of lieavy e*lem(*nls. NV'heii the energy 
of lhi‘S(' nuclei d('crease*s gre*ally the'V be'gin to capture:! 
eleM*trons, wliicb is se*e*n from their eliminishing ionizing 
power. Idle pre)ce*ss of eb*e*lrem capi ure cont inues until the 
ede*e lron she*lls of t he*se! atoms arei completely tilleel. 

.\ remarkable fae-t was the distribution of heuivy ]iarlicles 
acceirding I o size eif charge* (see Fig. ^jo). It is in accord with 
astronomical data on tlie dislTibutioii of elements in the 
universe. For example, the eleme'iits lithiniii, beryllium 
and boron (the insignificant occurrence of which is well 
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Known lo nsl rophysic-ist s) hiivi' not Uvvu loun(i ninorig the pri- 
nia ry c osni i e pa rl i c I es . 

Anolli(‘r I'cinarkahlo f)ro]K‘rly discovercMl in llieso experi- 
nuMils was I he relal ioiiship hetween tin* charge ol the par- 
lii leaml its (‘jjergy. I li<‘ (‘iiergy ol iJie particles turjied out 



/J. Disl rilnil ion of imill ipic' jimI pm rn lcs of 
ro^inir rndinlion ;n rorilinL» lo innirnil inic of rJiin^c. 'J'iio 
(listriInilions arc i»ivcn for liydroi»»-n and liclinin and f(»r 
]»airKlcs wIm.M? Z c.\<iMds /O. (hi I lie ordinaU* axis arc* 
two scajes: oik* for hydroi^cn and la‘lini)i, and Mic uILk,*!’ 
for parlirl(.‘s wilh /> 10. 


t o he projKiiI ioiial lollu* charge. For earli unit of cliargo 
there is an energy of two to lhr(‘e tliousand million elec¬ 
tron-volt s. 

riie total minih(‘r of heavy cosmic particles (wdth a 
nuch‘ar charge* exceeding 10) is such that ojie f)arlicle entcu’s 
each s()uare c(‘nlimelre |ku' hour (in a solid angle of unity). 

This means that heavy particles comprise the num¬ 

ber of protons moving earlhward. 




To snmriifn-izo, tlio [)rin»fii*v cosmic rfidinlion is complox 
ill coiriposil iuii: il cousisls priiu i ji.illy oi jiroloiis <niii lic- 
liiim nuclei (t ho ia( l(‘r arc* only lour linn^^ U^ss in nnrnlKn* 
Ilian prol oils); besiiles I liein I lien* an* iimlci o) heavy ele- 
ineiils rigUl up lo niol-inm. 

W'lial. Jiap|)(*ns \vli(*n a primary cosmic parlicle (a prolon 
or a nncIcMis wilii a lar^e charue) t*iilers lln* earlirs alnios- 
plierc? 

For a long lime llien^ was no answer lo this qneslion. 
Now, lhanivs lo llie nnnierons and exU'iisivi* invesiigalions 
()1 I). V. Skohellsyn and co-worla‘rs, chiefly N. A. Didirolin 
and (t. V. Zalsepin, the gi'iieral oid line ol 1 hi* phenomena 
that attend the i*iitrv of primary pariicles inlo the i*arlh’s 
al iiios[)heri* is now ch'ar cut. I). V. Skohellsyn hern‘Vi‘s I hat 
resulting Iroiii I he i nli‘ra(‘l ion ol a iiriinary c»)smic parlicle 
with atomic nuclei I here occur “nuclear e.\ jilosions” accom¬ 
panied hy lilt* lormalion ol lieams consisling* of a large num- 
i)er of parrich*s. ^holograph .WXIV shows the I racks of 
particles product*d in such an (*x[ih»siou. the i‘\|)losion was 
causi*d hy a parlicli* witJi a chargi* oi I hat is, a nucltnis 
ol aluminium. Among I In* partic!(*s prodined in a nutdear 
explosion, Iheri* are IretjiKuilly many which lh(*mselves are 
capahle of exploding new atomic nut h*i. I ht* r(‘sult of such 
i*\plosion.s is a shower of pari icles. Ihit I hi\^e showers are 
essentially dilTerenl from showers creal(*d hy (‘leclrons or 
high-energy gamma i)uanta. 'flu* dilTt*rence h(*twi*en Iheso 
showers lii*s holh in I he mechanism of shower origin and in 
the nature of the parrK l(*s that com|)rise I he shower. 

Mleclronic showt*rs are produceil in the area adjaci*nt to 
jHiclei and consisi of eleci rons, positrons and gamma iiua nl a. 
Showers resulting from nuclear ex plosions origiuate in jiroc- 
esses lhat occur insidt* nuclei and consist of Ihree types 
of paiiicl(*s. 'Idle first grouj) coiiijirises nucl(*ar ])articles — 
protons, nt*utrons, I he h(*avier juiclear Iragmenls, hyperons 
and ht‘avy mesons. 'J'his group contains the jiarticles that 
di*vt*lo|) showers hy crt*aling new nuch*ar t*xplosions. 'Idle 
st*comf group are particles that do not product* show(*rs and 
are ap|)an*ntly iincli'ar-inactivt* mesons. .And, finally, the 
thini grouji of pariicles consists of eletdrons and [losilrons, 
which do not originale dirtu-tly in Ihe nuclearex[dosioii hut 
art^ the decay iiroducls ol mt*.*^ons. 



All these complex transl'ormations may be represented 
dia^mmmal ically as lollows: 


cascade 

proluiis—' [)i()i:esses 

j iiiiclear-acLive partii-les j | (showers) 

The prosoiice amon^ tlici prodiicLs of “nuclear explosions” 
ol both nuclear particles and ol eh^clrons was the reason 
why the beams ol' particles produced in ex|)losiojLS aie 
called electron-nnch'arshowers. Fig. X\\l.\ shows a pho¬ 
tograph ol such a shower obtained in a cloud chamber. 
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lleta-lfisiy S|H‘rtr!i 

111 lliis ciiapW^r \\v sIimII jIisiI wilh oim.‘ oi' Iho mosl ci)m- 
plicaluJ iiivnlvod jirohlcms ol' iui<.loar physics, Mini ul’ 
Mio naturcV of licla spcclra. 

(luring the (‘arly slages of tli(‘ study ol' radioaclivo 
siibslanci’s, scienlisls alluinpliMl to im*asiiic Iho (*Jiorgy ol* 
till! partiidos t‘iijillod in tho prucoss ol' radioaclivo diaay. 
Idy tho inothod, already t’anii liar t o I ho reador, ol'doilcTting 
]uiitiolos in niagiiotic and electric liidds, and as a result ol' 
jiainslaking elTorls, scienlists siicceetled in measuring bolli 
I he mass ol' the (‘inilted parl icle and ils energy. SiicJi inves- 
ligal.ioiis were (’arried out I'or all radioaclivi* emitters. It 
was in this work that a I undame nt al dilTe fence was di.sc uv- 
ered between substances emitting alpha and beta rays. 

It was lound That each substance tbat emits alpha par¬ 
ticles in radioactive decay does it in such manner that 
the particles are ol a detinite energy peculiar only to the 
given substance. Alpha part ides emitted hy dilTereiit radio¬ 
active siilistances have diiTerent energies. At present, the 
energies of tin? alpha particles of all radioacLivo alpha emit¬ 
ters have been measured, and we are able to establisli the 
nature of the radioactive sub.stance from the energy of the 
particles. And by applying the known laws of alpha decay wo 
are even in a position to predict the energy of alpha particles 
for unknown radioactive substances that have not yet been 
discovered in nature. 

(finite different is the behaviour of radioactive substances 
that radiate beta particles. When measurements were made 
of the energy of electrons emerging in the process of radio¬ 
active beta decay it was noticed at once that each radioac- 



tiv(‘ isolo[U' tiocs mA emit olrc-tniiis of n singlo (lofiniteonor- 
(as is I Ik* casi* Nvilli alpha radioaiM iv(‘ siihsi aiua*s), hut 
(inilsa wholly sol, a spoclnnii ol oloolroiisol lolally diflor- 
ciil oiKM'irics ho^i nni tiLT wilh /noaial (‘luHii”- wilJi a (•t'rlaiii 
liinilin.i^"\’aliio. 'i his liiuilinu vahu' ol oiiori’v. lallod llio 
liiiiil of IIk* l)(‘ta s{h‘(1 rum, is a chararlorisi ir vahio for oarh 
hola (^miltor. I)y way of illiisl ral ion, Ti^. /ili shows I ho l.ola 
sj»o.*l,riim that orii>inalos in I ho di'oay ol radium 1^. 



Hi. s|»(m Inim (»1‘i*i<M*li'niisoiiiiUi‘d !•> r<i- 
diniii 10. 'i'l»(' oim'I'l’T in iiiillions of olr< troii voll.s 
i.*^ ploitoil on IIjo liori/oiit.d <‘onr(iiii<‘itiv svltil(‘ llii^ 
vorli»i;il cotji'dinnlo iiidir.ilcs tin- nd.ilivo iiiniihor 
of oloi Irons. 

This curious rosnit callod lor an invosi i^al ion inlo Uic 
naliiri? of Ilio slrano(- oharaclor ol hoi a spool ra. d ho nniloriii 
oiu'rgy of alpha parliolos ojiiillod in alpha docay was no 
canso for surpri.so. It .soonuMl iiainral, and wJial is in on*, oh- 
li^^alory. Ijid(*od, do wo nol iind a corlain siirfihis onorj^y 
in 1 ho nucloi of any radioaci ivt* suhslama^, which is roh^asod 
in radioacl iv(‘ docay? Iiul all I ho aI.omit: nucloi of a jrivt*n 
radioacl i VO isol opo an* idoiilical. .\iid so I la* o.xcoss oncrgy 
of all nuclei ol a given isol(»|K? should also ho the same. 
It is quilt! natural I hat (lit* alpha particles that carry oiT 
the surplus (‘uorgy should have the same energy. 1 repeat 
tliat this circum.slauct* did not soom surprising and was 
lakoii lor grauted. d'lio startling thing was the heliaviour of 



tlu‘ lK>l a cinil l(‘i*s. Why do I In* pari ich's of luda (i(.‘( ay have 
din\?rt*iiL C‘iK'rjrj(‘s? W'liy Ha? (•ll^•rgy sjxtI riuji ol llit'se 
])arlif lt*s (‘xpressc'd hy a conlimioiis liiu* Iroin zcou iMu-rgy to 
a (-(Mia in linjiliiig value? 

We know lhal each individual (dcclron which we ohserve 
origiiial(‘s in I he I ranslorfualion ot a nucleus ol' the given 
.sul>.slance. ])nl ail uuchd ol one and I he samt‘ isolope are 
idcMilical. rsually, ]H*ior 1 o (NU‘h hela decay lluu-e occurs one 
or several alpha decays in 1 hi‘ process ol' which alpha ]»arli- 
cles ol' I he sairK; (Muugy emerges This may st‘rv(J as an illus- 
tral iou oi I h(^ idcuil ily ol all I he nm li'i ol' a given radioac¬ 
tive isotope.(^)niU‘ ol'len a hela Iransl'ormalion isl'ollow(*d hy 
an alpha I ranslorinal ion. 'I’Ik' alpha juirlicles ol lhi‘se siihst‘- 
(|u(‘nl Irauslornial iojis likewise have a very dedinile (‘ui‘rgv. 
TJiis conlirms Hit' lacl lhal I he iniergy ol <lilTerenl nuclei is 
the saiui' |)rioi' to and I'olhtwing a hela 1 rausl'ormal ion. 

What lluui is I he cause ol I h.e continuous spiadrum ol* 
h(‘la rays? Tor it all nuclei ol' I he initial radioadive suh- 
stajice liav(J I he sann* (‘uei'gv and all tin* niichd ol' llu* piod- 
ucl suhslanc(> also have one and tin* sanu‘ emu'gv, it would 
Si‘ rn that the energy ol I h(? (decl rons einil I(mI in I h(‘ prf)C(‘ss 
ol I el a decay shouhl Ik^ idtuilical lor all el(‘clrons, as is 
the case with alpha fjarlicles. I>ut this doesn’t Inrii oid lo 
1)(* so: hela raysdouol liave the* same energy, hul a coiilin- 
iious s[)eclrum (d I'lU'igles; I rue, llie upper liniil isv(‘ry 
deliuil(\ 

'Uiis u|>p(‘r limit in the continuous spi*clrum was what 
enahledthe Following suppositions comauming I hi' causi's oF 
its origiji to he ex{)ressed. 

Jt is |)ossihle that all id(‘ctrons emerging Fi'om the nucleus 
have, at (he inslanl oF eiuergeiici*, I he same eniu-gy equal 
to the energy oF llie limit oF the spec!rum, l»ut it may he 
that suhsequently not all the (deid rons ri'lain Iheii* eJiergy. 
For examj)]e, it is known that Fast electrons can losi* thiup 
energy hy f)roducing radiation. Is it not possible that I hey 
lose their energy in diil'erent. ways From the source lo the 
point oF ohservation? 

Some workers advanced the hypothesis that the excess 
ejiergy in nuclei is not always conveyed lo the electrons. 
Maybe a ])arl oF the energy is released From the nucleus in 
the Form ol gaiiima rays? Mayhe in some nuclei the greater 



pari of* 11 k* is I raii'^liTnMl lo <*l(‘( ln)iis whili'in olliors 

to ,l>aiiiiMa rays? This coiihl alsj) Ik* a <*aiis(* lor ilin(*n‘m*(‘S in 
roil (‘iicruit's. II sccjikkI llial Mu* v(‘risi milil udo of I his 
assuiii|il ion loiind roll hrrnalioii in I h(* \V(*Il-Known lari. I hat 
hela ivniialion is 1 ri*(|nrnl ly arroiii|)ani(‘d liy j^anuna radia- 
lion, ^vllr!vas in alpha diM-ay iraiuina rays aiv (‘xrcK'dingly 
raiv. 

J]Mis and \\ oosirr ninlorl ool-I ) in\rsl i^ali* Ihis plK*nt)ni- 
(‘iion. I’irsI ol all l licy drridMl lorhrrk I hi* prinripal lari: 
do I 111* rli'i'l rolls lala* np al I I h(* i*n<*ri>\v rrli‘asi'd in hria drray, 
or is a pari of Ihis cnrroy irlrasrd in 1 hr loriri ol sonir oihrr 
kind ol radialion. Tlirir r(*asoninL>: was ihis: wi* know how 
many rlrrlrons arr cniilli'tl in unit liinr hyaLiivrn radioar- 
t ivi^ siihslanrr: wr arr ahh* lo iiirasnri* I In* nninh(*r ol rlrr¬ 
lrons lhal possrss a uivrn valiii* ol rii(*ruy, lhal is, lo drlrr- 
minr lh(* Sjiri lrnin ol' I hr hri a partirirs. Jl wi* know Ihr 
jiumhrr ol (‘Irrirons and Ihrir rnrr^irs, wr can ralrnlalr 
Ihr snin lolal ol I hrsr rnrroirs, lhal is. wr ran di'lrrininr 
lh(> rnrr^v ol all Ihr rlrrlrons rinillrd hy ihr snhslanrr un¬ 
der invrslij:;al ion in oiii* srrond. 

SiJirr I lie niinihrr ol i‘h‘rlrons ol rn(*r^^y rijiial or close 
lo I 111* liinil ol Ihr sp(*rlrnni is very small, Ihr lolal idrr- 
1 roil rn(‘r^v will hi* ap|>rrriahly less lhan Ihr prodnri ol Uie 
iiiinihrr ol rlrrlrons and Ihr liinil iiir value ol Ihrir riirr^y. 
Jn rralily, Ihr lolal rnrrii'y ol Ihr rlrrlrons will rijual I he 
])rodnrl ol lh(‘ir numhrrand arirlain mean valm* ol rner- 

I'o'lowini>* Ihr rrasoniny ol hJlis and \\ oosl(*r, wr may say 
lhal il Wr know Ihr h(*la parlirh* sprrlrnm \vi‘Will know llie 
energy rarrird olT hy Hit* (*lrrlrons in di*ray. d’lir ijnrsl ion now 
is how lo drlrrmini* Ihr i*nrrgy r(*h*asrd in drray? 

Lrl us surround thr radioarlivr i‘jnilU*r willi a lead lil- 
li*r ol l!iirkni*ss siirh lhal all Ihr \- radialion anil gamma rays 
are al)Sorh(*d in lhisshi(*ld. Nalurally, all I he rlrrlrons will 
also Jk* ahsorhrd in Ihis lillrr: lirnrr, Ihr lilli‘r will ahsorli 
all llir (‘ni*rgy rrlrasril hy Ihr radioarlivr suhslanri* in ht*l a 
drray. Thr jiroldem ol measuring Ihis rn(*rgy is handl(*d as 
lollows: Ihrriirrgy ali.sorhed in Ihr lead ransrs il. lo heal up, 
raising ils Irmprralure. From Ihr U‘m|)(*ral nre list? il is 
possildr lo ralrnlalr Ihr rni*rgy ahsorhrd in Ihr lead, HiaL 
is, Ihe lolal rnrrgy released in Hit* process ol' decay. 



Alul so, hy moas\iili\|r lUo rUn-lrou s|uh Iioia, (ivn I wwm- 
\nv ()1‘ yluclroMs cMiiillvd hy IJ.r liHlioiirl i vc* siih.-l a iitu), \vl^ 
di‘liM'iiii IK* I In* i*iK‘ri»'y (*nn*i(‘il oil hy llu* idocl roiis: hy nirasiir- 
iii«‘ Iho h‘iii|K‘rcil MIC nl IJii* h*a<l filler, \vi* del eriii i lie I Ik* lo- 
lal eneruy n‘l(‘ased in I he il(*(ay. A eoiiijiarisoii ol' I hese two 
iiyiires will ^ivi* us llu* aiiswiT lo I lie (]iies(M)ii ol whelln*!* all 
I he decay i‘iier^y is reh‘ased in l lu* rnrni ol’ i*J(k‘I run eiu*i’^y 
or a |»arl ol il is disposed ol’ in some ollit*r way. 

llowi‘\(‘r, lo n\solve tliis prohleni was no! so t*asy as il 
sei'ined. J h(^ energy releas(‘d hy deeny is r(*lalively iiisi^iiii- 
j(‘anl and llit* lhi(rk lea»l filler does nol lieal up ap[)r(*ciahly. 
To avoid ]»ossihlt; errors, h^Jlis ainl Woosli'i* prepareil two 
ahsoliilely idenlical caloriin(*lers, inlo one ol which I lu‘y 
])lac(*»l I he radioacl ive eniltler, wJiile I ht^ oilier remained ein - 
]il y. liy comparing't lie* leiufieral lire ol hoi li caloriiiK‘l(*rs I li(‘y 
wert; able lodelerini ik* rallier acciiialely Hu* eiii*rj»y released 
liy llio radioaclivt* suhslaina*. In their e\ peri in(‘nl s radium 
I'] was us(*d astlie radioaclive emiller. Tin* hela s[)ecl rurn ol’ 
radium E (see Ki^-. 'i(i) was Ihorou^hly sliidied hy lOUis and 
W'oosler tin m-^‘lves, 'They found tin* limil ol’ Uk* ht'la s|k*c- 
trum oi radium 10 lo he I ,Oo million eli*clroievolls. A meas- 
uronu‘nl Nvas ajso made ol llie m(*au em*rjify of I lie elecl rons 
t*mil led hy radium 10.11 I iiriied oulmillion (*lecl roii- volls. 
And liiially. Hie lli(*rnial nu^asurmneiil s with the calo¬ 
rimeter were com|)l(‘led. I'lie results diti Jiol only fail lo 
e.\plain Hie seends ol’ Hie hela spi'clrnm, hut on Hie contrary 
coufust*d I lie pnddein slill more, "i he iiieasuremi‘nls with a 
lead calorim<*l ('I* sIiowakI llial radium 10 emits an averaf^e 
eiK*r^y (»! 0..'V) million electrt)n volts per disiiil(*|iralion. Tak- 
inj*- inlo consideration Hie inevilahle errors in such delicate 
measuremenis, one Innl to regard I his numher as hein^>' in 
m'ood a^reeiiienl with the m(*aii eleclron enerj^y 

Fo summarize, ///c c//crg// carrird n/J bif rlrriron.^ rrpre- 
srnfs /hr. lolal rfirri^tf rrirdsrd in b la dmuj. '^Idien what is 
the cause ol* conlinuily in lieta sjieclra’:* This prov(*d to he 
a prohlem of i‘\traordijiary difliinilly. 

'I’he <liI licult ies involved in rt*.solvin^- this prohlem were 
so areal that some scitmlisls (*ven he^an lo qut'slion the V(*j*y 
law of the cons(*rvat ion ol (*iu*ray. Thus. Hohr |»ul forth a 
liypoth(‘sis slalina Hial Hie law of conservation ol energy 
breaks down in beta decay. 



In Ilolir’s opinidii, nil imt lri nl a !)t*la cniillor aro uinloiiht- 
li-lly idonlical, j !sl as ari‘ llio Jiiadci ol llu^ prcMluol siih- 
slain o ol' I lio (lo( a\ . d lio (‘\i oss onornv priMlin'od as a r(‘sulr nl* 
radioacl iv(‘ I ransiornial ion is always I ho sanio. In I ho oaso 
ol I ht‘ ronvinsion ol radium h] lo radium F I his o\o(‘ss is 
1 .Oo million olool ron-volls. Ilowovor, Mohr says, Iho oli'o- 
tron d(K‘S not always iHMoivo this (‘iioriry. Som<*limi‘S it ro- 
coi VOS this oiK‘r: 4 y in I nil, lull somol inn‘S oidy in pari. And 
w'hal ol tlu‘ r(‘maininir part ol lln‘ eniM'i^y? It ilisa|)poars wil h- 
oul a Ira o. Acoordinj^' lo liohr 1 ho law ol I ho oonsorva- 
lion ol t'noryy is nol ohsorvod in hoi a (h‘oay. 

I>nl llohr's ari>nm(M)ls ooni radioUMi 1 Ik* I iindainoiilals of 
j)liysios, lor I ho la w (d 1 h(‘oonsi-rx al ion ol i‘n(*rny is I lu‘ loiin- 
dal ion on which josIs ovt^ry physical I lu‘ory. SuHico it 
to rc'call I ho law oi radiation ol liiTht (plant a tormulat(Ml by 
Ilohr hinisoir. it is nolhiiiL'' ollior than I h(‘ law ol consorva- 
lion ol onoryy as aj)prn‘d to I ho oliHlronic shollsol I ho atom 
and lo radial ion. rh(> at oni radial(\s a ({nanI um ot oIch I romag- 
nolic (‘iiorgy ol‘ magniliido (*(jual io Iho rodnclion ol inlornal 
ojiorgy ol llio atom which, iji IIk^ act, |)avSS(‘S lo a lowm* onor- 
gy l(‘Vol. In Iho Jinal analysis, Hu* gnailor |>arl ol our |)rocod- 
ing (‘oiiclnsi(jns conci'ining llu* niiclous and Iho i*l(‘mon- 
lary j»arliclt‘S rosl on Ihi^ law ol Iho coiisor\al ion ol iniorgy. 


Tlio I’siiili Jfyjmtiiosis 

'riio Swiss physicist l*anli was Iho ono who showod a way 
out ol' Ibis dillii iilly. 

Jlo btdiovod that Iho law ol I In* cons(‘rvalion ol (‘iii'rgy 
sliould jjold in Hu* ht‘la decay proc(‘ss jnsi as it doo.s in all 
«jI hor phonoinona. II such is Hio cast*, l lu'ii ail Iho disintogral- 
irig niich'i should roloas(* ono and Iho sanu? (‘n(‘rgy. Hut 
o-loclroiis liave oxiromoly divorsi* oiiorgii'S, which m(*ans that 
I h(^ (*ji(‘rg\ ridoasod in decay is lalo n uj) nol only by oloc- 
trons. (Ihvionsly, I boro Jiiusl Ik* sonu* oHu‘r j)arliclo which 
carrios olT a pari ol' Hu* Jiola-docay ojiorgv. 1'hns ihuili says 
that in Iho bola-docay process Hu* jiucIous (*jocis jioI ono par- 
ticlo (ol(‘clron), but two: an ol(*clron and some otlu*r par- 
liclo which Jiad not yet boon disco\i*ri*d. All Hu* energy is 
(listribulod bolwoi*n thorn. In some cases both particles ro- 



c-oivc* CMpial I’lUT^y, in others the eli'clroii r('((*lvi‘s tli ‘ }^r(‘ai- 
01 * pari, a ml in still otlit'rs the sniallor part. In somi^ cases, 
the ol(‘ctroM lak(‘S u|) all the eiier^Lry. I’his correspojids lo the 
limit ol the s(K‘ctrnm. And ol course there are cases wlnne 
this nidviiown j)arlich^ takers up all or nearly all the (*ner£^y 
of l)(‘t a d(*cay. 'riii' nnnih(*r of such cases is rat Inn* larR(‘ and 
for this r(*as«>n the iiK'an (dt'cl ron ejiei^y is not e(| lal to one 
lialf of the liinil c'lierny of the sprcal inin, hut is slightly 
leS'^. 

i’anli's hy |M)t Ik'sIs di<l away with t In^ cont ladict ion to 
the law of I he conservat ion ol eneri^y KnI it was still iiec.- 
iNssary to hriiiL*- this hy|)ulhesis into atrreenient with the re¬ 
sults of tli(‘ KMis-W’ooster experiiiKmi s, lor t hese experi¬ 
ments, Ix^ii^un with t h(‘ expri^ss purpose ol viuilyiny (h(^ view 
t hat elect rons take ii[)only a part ol I he decay enert»y, se(un(‘d 
to he unamhienonsiy in opj)osilion lo this view. Accord¬ 
ing to th(‘ data ol k]His and Woosltn*. the thick hs‘id lilt(n*s 
ahsorh as much (*n(*rgy as the ide<*lrons had and no mon*. 
I’auli was not deterred, h(‘ c<»nsidere«l that I h(^ new particle 
in (juest ion was not. ahsorhial hy I In^ lead at all oi‘so insigni¬ 
ficantly that this ahsorption was not. didecteil in the i‘\pi*ri- 
ments of l‘jUis and Woosler. 

What was this paiticle and what [)roj)(*rties could it ho 

(‘xpi‘Ct(*d to hav(*? 

Sti'aight o(T it might he slal(*d tlnil this jiarticle has no 
c.liai*ge, olhei'wisi^ it would easily he delected in drdhxlion 
e.\ peri ineiit s in (ledric or magnetic iields, and. hesidi's, 
a chaigeil partich* of en(*rgy of tiu* onler of oni‘ million elec¬ 
tron-volts could not pass through a thick h'ad filter. 1'hei‘e- 
foi*e, t he I’anli part icli*s cainiot he chaigiMl, I hey are mntral. 
We arc* already accpiainted with one neutral [)article, the 
neutron. Ilowc'ver, it is easy to see that the neulron cannot 
he t he* part icle whose existence Pauli had theorized. Firstly, 
jKMit rons are ahsor!»ed, though not ven-y strongly, hy a lead 
lilter. Secondly, the (‘jeclion of neutrons (in addition to 
electrons) Irom I In* nucleus in beta decay could easily ho 
d(*t(‘ctcMl hy Hie change* in mass of the uuch‘i (when a neu¬ 
tron leavi's a iiucli*us it carries with it a unit of mass). And 
lijially, Ihc* ii(Milr<ni (if that, is what it is) wouhl exhiliit 
itself in collisions wil h ol h(*r atomic nuclei. ITowever, such 
collisions were not ohscjrved. Obviously, the neutron could 



nol l)C llic I*aiili parliflt*. I'lio only tiling was to sup¬ 
pose* that I lu* parl ick* ivl('asL*«l iji Ix'l a ^l(‘(•a\ ro^cllK‘r with 
llio olcrlrori was an uHeily now pairu'lo that had nol hilh(*i*- 
lo Ik'Oii oh.s(‘rvi‘<l in any pJiysical phononnnia. 

Pauli assiijiKMi this partirlo to liavo a mass oqnal to that, 
ol aji olocl roll, ajid callod it a ^"unitrino" (I h(* It alian di mi n- 
nlivo lor jiontron). 'J'his was how Iho nmitrino canio into 

OMstemij. 

Itnt tin? hirth of tlio n(‘W partich* was not acrompanicMl liy 
a “I ri urn pliant soiimlint*- of holls/’ 'l'h(‘ (wist ol tin* ii(‘u- 
trino was nol conliriiK'd hy sui h im'outt'stahh* lads as was 
tin* t*\isl t'lui* of m‘ut rolls, positrons, mosons and hyfXTons. 
Act nally, Mn'i'c wi'n* no physical data coiitirnii iiu' tin* r(*alily 
of tin* existi*nc(* of the in‘ulrino, (‘xi opt ino- iht* lad. of con¬ 
tinuity of t lie ht'la spt‘d rum. And what is more, it was nec¬ 
essary to attrihule to the n(*ntrino sindi prop(*rli(*s as made 
it seem hit»hly improhahh* that this jiarlic h* could lx* d(*lect- 
ed in any [diysical e\|ierimi*nt. 

All the tacts conoerninir the neutrino are ni*gative. W'e 
know it has no charge, that LI does not fiossessany mau^iK'lic 
projXM't ies, tJiat it dot*s not interact with jiucUd and (‘lec- 
trons ainl does notcollidt* with them, or if it d(X*s, it iloes 
not transK'r to th(*m any perceptihie (neray. Pxperinn*nls 
W(M'0 (‘ondiidi'd that showed that if the neutrino (hH*s (‘xist 
it. ioni/.(‘s so weakly that, in o()(),(K)() km. of air it could cri'ale 
iio more than oin^ ion |»air: it is lhen‘f(»re not siirjirisina that, 
many physicist s leaarded t he (lartich* proposed hy Pauli 
V(»ry sce|)l ically. Jiideml, it was no (‘asy niall(*r to JK*liev\^ 
in the exist(*nce of the iK*utrino. 

However, the iK'iilrino hypothesis still point(*d to a jios- 
sihh^ way out of tJie impasse r(*siiltino from tin* (‘sl ahlislK*d 
continuity of the beta spectrum. It was lor this reason that 
attempts contimn'd to prove the actual existi'iice of the neu¬ 
trino. 

In HKPi, Fermi workerl out- a theory involving the neu¬ 
trino hast?d on Pauli’s views, ddiis t ln*ory e\plaijn*d many di*- 
tails and iieciiliarit i(*s of hela spectra. In tlie Soviet, 

scientist A. I. Leipunsky devi.^ed an e\|x*riment. that mi^lit. 
show tlie existi*nce of tin* neutrino. Mere is how P»‘ipunsky 
arj^ned. 

New particles are ejt'cted from tin* nucleus in hi'ta decay. 



Tlu'roloro, \v('should ol)s(‘rv(' a pluMiornoiioii similar to the ro- 
coil ol a ^iiii J ijsl as a giin riMoils al'irir it s shot , l ln*ro 
should 1)0 a iincU'ar recoil in beta docay (iiioidontally, this 
should also occur in olhor typos ol di'cay). 'V\w nucleus that 
has ojoch^d a partido should recoil in a dir('ctiou opposite to 
the dir(*ctioii ol' tin^ (*joctod particlo. Obviously, the recoil 
oxpori(‘ncod by a riuch'us in beta decay will ditTor depouding 
on wliolhor ouo particl(^ (electron) or two part-icl(.*s (electron 
ami iieutrino) are ejiMioii Ironi the nucleus. 

Accordint^ to th(i i*auli hypothesis, the ('xcess eiuM-^y ol* 
the nucleus is translerroil in beta decay to au idectroii and 
a neutrino. In t he case of the decay of radium K, an electron 
receives an av(*ra^e of oidy inilliou (d(^ctroiJ-volt,s, while 
the remainder (O.lili million (dectron-volts) is taken up by 
a neutrino. A Jiucleusthat simultaneously ejects a neutrino 
of ent*r^y O.(it) million elect ron-volts and an electron of ener- 
f^y O.^W miMiou electron-volts sliould obviously (\\perience a 
considerably ^»:reater ‘recoiT’ than in the case of the ejeo 
tion of one (dect ron of enerey ().3U million electron volts. 
Li'ipunsky’s idea was t o attempt t.o (iiid data coniirming' t he 
origiji of iKuilriiios in the process of beta decay by studyini^ 
nuclear recoils, ijiasmmh as it was impossible to detect a 
iKMitrino by its interaction with matter However, to put 
this idea in practice in was an e.xtreinely difficult mat¬ 
ter, and Lei|)unsky himself did not succeed in obtaining 
completcdy unambiguous results. Much later, in iM2^ Allen 
repeated the L(d|)unsky e.xperiment in a slightly modi lied 
form Hut Ixd'ore d(‘.scribing Allen’s experiments 1 shall re¬ 
late about oJie more interesting phenomenon. 


K-Capture 

In 103"), Mollcr noticed that radioactive substances, 
which in the procc^ss of d(»cay emit positrons, could also un¬ 
dergo ajiolher transformation. Indeed, a nucleus of j^V^*** 
(Muitting [)()sitrons ajjd experiencing a transformation accord¬ 
ing to tlie scheme: 

—(posilroii). 
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coiiv(M'ls iiih) ..j, ri'\ ll(iNvi‘V(‘r, llu* isolojii* luni 

iiilo 22 * l>y a )»r(u i‘ss oilier Miaii jiosilron ejectioji. ll 
wouItT be eiioii^Hi lor jiucleus to eapliire one ol the 

orliilal electrons ol (he atom. Jji this case, the mass ol’ Hk* 
Jiucleus will remain without cliaiig(‘, while the charge is 
iiMluctMl J)y unity just, as occurs in jmsitron (l(‘cay. 

1'he scheme ol' such a t ranslorrnat ion shonbi be wi illeii 
as lollows: 

(electron) > 

Tin* capline ol an orliilal electron by an atomic nuchMis 
should proc(‘(‘(l in accord with the same laws as radioactive 
di‘cay. Such a proci ss may be quanlilal i vely characterized 
byacerlaiii “ca[>l ure conslaiit" analogous to/., t h(‘ conslani 
ol ratlioadive decay. We may introduce I In; (‘oncept ol 
riod ol hall capture" (Ihi* counlirparl ol lludlifiM lilelime") 
which denoli'S I Ik‘ tiim^ re<juir(‘<l lor one hall ol I he atoms to 
ac(om[»lisJi ca|»luri‘ ol one ol the orbital eh'ctrons by I he 
nuchms. 

1Mjus,t wo radioact ive processt's may occur with radifiaclive 
iiucl(M oloA**^ lyp^* I undergo position b(‘la dtMay. 'riiii 
(|ueslion as to which ol them is predominant is didermined 
by the i*(dal ionship ol* I hi* const ants ol capture and decay. IT 
the dcHfiy constant is \(My much gri‘aler than the capture 
constant, (h‘cay will occur mori‘ ollen I haji capture; il, on 
the ollu'r hand, tin’ const ant ol radioactive decay is h‘ss tliaii 
the capture constant, I ransrormat ion ol nucl(;i caused by 
electron caplur(‘ will occur more ollen. 

How isit possi ble I (I detect the caplun* process ol' an orljit- 
al electron by an aloinic nucleus? 1'he ordinary proce¬ 
dures ii.sed int Ik'sI udy ol radioact ivil y cannot bioip[di(>d liere. 
]ji rajlioact ive tlaiislorjiiat ions a certain particle is eject,ed 
from Mu? nucleus. Hy regist.ering this particle we know that 
radioactive decay has occurred. J>ul in orbital-electron cap- 
tiii'c by a nucleus there is no ejectiou ol partickiS I'rom the 
iiiichms, and so we cannot locale^ radioactive capture by 
Ike appearance ol’ any new particles. 

'rke method ol’ delecting electron cay>tun) was proposed 
liy Alvarez. To underslami Alvarez's idea, recall that Hkj 
ek'Ct rolls in atoms ar(J distri billed in orbits. The two elec¬ 
trons Ikat comprise the so called /jL-slieJl are closest to 
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llu* 11 is I iK'rt'lort; iiiilurrii In (hnl t}i(‘ nu¬ 

cleus will c.ifilurc l rolls ( hiclly liDin I his ;rroii|>. 

1a*1. us assiJNK' 11 in I |>r<M*is(*|;^ siuh n r;ipliiri‘ has lakioi 
|ihu‘('. W'hal will lollow? 

A mirhuis ol’ vanadium lhal <*a|iliiri'S nii(‘ rlrilron will 
(■oiivurl iiilo a iiik Icmis ol litanium. I In* cliar^'.’ ul I ho lila- 
nium iim huis will hc' one unil. h ss Ihaii (hat ol i li(‘ mik Icmis 
ol vanadinin. An alum ol litauiuin luirmally I'oidaiiis (woiily- 
-I wo t‘\l ra-miclrar cducl roiis hocanso I ho nii(;k‘ar <*liari>v ol 
t.ilajiiiim is 22. I'ho oh'droii ( oiilii^nral ion ol an aloin ol 
vaiiadinm coni ai ns I wcnl y I hr(v ch‘iirons; one of I horn is 
(•a|)l nrcMl hy the nnclons, l('a\'in^- 22, lhal is, as many, il. 
would s(vm, as n(*crssarv. llowi*\rr, il ciiiri no-1 ransi Ormat ion 
a nucleus ot va uadi nm capl urt\s aiudoclron Irom lh(‘ A-^roup 
(this (•as(‘ is Icrmcil A'-capliiri) I ho oh^cl ions i n t In* nowl y 
tormod atom ol tilaninm will noi lu^ di>pns(Mi (‘orri'ctly. In 
^roiip A' lht‘r(‘ will lu* only on(‘ oloclr4)n. whmras lhori‘ shoiihl 
in* I wo. On I hc‘ oIIko* hand, ( h(‘rt‘ will h(‘ ono (‘\lra oha lron 
among I h(' oiilor \al(*nco olodrons sinco \ anadinm has live 
valonco idoci ions, wluoi'as tilaninm should liavi* only loni’: 
Summarizing Ihmi, a titajiium alom prodnci‘d in Iholrans- 
lormationol Nanadium will have' c>ni' extra vah'iae (do<‘- 
troii and ono (docl ron lackino- in tin* A’-group. rhi‘ t‘\lra va- 
loiic(‘ (d(u‘t ron will linally pass over to the* /x group. It will 
hi^ ri*callod (hat in this proco.<s. A-rays charactmist ic ol' li- 
taninm will ho omitl(‘d. The ap[K*aranco ol litanium X-rays 
(unorgiug Irom vamnlium wall indicalo (hat a A (docl ron 
has hoon capliirod hy the nucleus. 

Alvan^z made a (horongh study ol' the radial ion lunil IimI 
hy 2 discovered, in t h(‘ Ia1ti*r, the* cliaracl erist ic 

X-rays ol' titanium. I'his was ])roor ol t he e.\isl(Mice of/v eap- 
tiire. M>y comparing I h(‘ <|iiant.ity ol positrons and (]uan1a 
ol the characteristic radial ioji ol titanium, it is jiossihh* 
to d(d(M*mijie which of t h(?so pJienomena (positron d(H ay or 
A’-crapI iiri‘) occurs mor(> fr(*quent ly. Jl was I'oiind t hat in 
Uie cas(‘ of “vauadium-^i8” both ]»roc(»sses an' roughly of 
tbe same probability. 

As soon as the' n'snits of Alvarez’s work bi'came known, 
sci(UJtists immediately In'gan checking otlu'i* nuch'ar Iraiis- 
formations that ])roceerl with positron emission. 

In many cases A'-ca|)ture \vas detected. The nuclei of 



ciilcinrn ''ll, s(*jnnlinin--^i<),( liroiuiinji-r)1, mi]ii^^aii(*S(‘-52an(l 54, 
ami .>7, cojijK'r (VI anti Ii4 and many olhers convert 
hy means ol AL-capI iiri'. At the jireM iil t iiiu', I hcMe have h(‘eji 
rcconliMl some M) dilTereiil 1 ranslorinal ions that orcur l»y 
A capinre. ;\mon^' I lu'si* tlillerent 1 ra nslormal ions I here* are 
such (as in vanaiii um-'iN) dial the I ra nslormal ion hy 7\'-cap- 
( iir(‘ is iK'arly as i‘(|ually prohahle as I hi' translorinal ion 
aUend(‘d hy posilron (‘mission. However, in some suh- 
slances posilron iMiiission is predominant. In olhers, on the 
contrary, A-(*aplnri‘ comes first. 

rh(‘ 1 raiislormalion ol a berylliiim-7 mich'us Inrnedoul 
to he ol s|»t‘cial inh'ii'sl. 

lb‘r\Mium-7 is a radiiiacl ivc* isotope ol one ol' Hu* lij^dil- 
(*st elements. The li^ht elements havi very lew isolojiesand 
lor this reason it is possible to pr(‘dict straiyhtaway what- 
the niu'lear t ranstormat ion should hi*. 

Only lithium has a slabh* isotojie ol mass sev(‘n. Lithium 
has an atomic numiu‘r one unit h‘ss than Ianyllimn. Kor this 
reason it was to be expected that the* t ranslorniat ion ol' a 
radioactive nucleus ol b(‘ryHiuni-7 into a slabh* nuedeus of 
iilhium 7 would occur by means ol7\' capture or through 
|M)silron(‘mission. II owever, Hu* at t(‘mpl s inadi* show(*d that 
beryUium-7 do(*s not emit |)ositrons at all. This su^g(*stlul 
that all beryllium 7 nuclei are translornu‘d by means of 
Tv-capture. Hut how is one to detect A-ca|)lure in lu'iyllium? 

Since* the elem(*nt lithium produce*! in tlie A-(aj)ture ol' 
lu*ryMium has a nucleus with a small eJuum* ol only thr(‘e 
units, Hu* X-rays produc(*d in this ca|)lure consist of such 
b)W-(*ner^\y quaida that it is impossible to *l(*l(*ct them. 
15ut an accident lu Iped. It was touinl that l>eryHium-7 is 
radioactive aiul is translormed into a stable isotoj>e ol* 
lithium by nu'ans ol A-captun? as was thou<.dit. 

Karrn*r it was notict**! that wlu*n, as a r(*sult of nuclear 
t ranslormat ions, there is lorme*! a stable isotope of lith¬ 
ium (Li'), a part of t lu* nuch*i pr»uluc**«l (roughly 10 per 
(•(‘lit ol Hie total numlK*r) will Im* in an (*\cited slate with 
an e\ci*ss (“iieruv of O.do million i*lect ron-volls. .\s usual 
in such cast's, this excess eiu*rgy is ratlialotl by Hu* nucleus 
in Hu* ftnni of a gramma ray. I'hrou^^h a hapfiy coincidence, 
the oiij^in of lithium 7 nuclei is accompanii*d by a jiecniiar 
sii^nal—Hu* emi.ssion of gamma quanta ol energy O.^i5 inil- 
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lion olfM-tron volls. This was w ha I lirl|MM| (o i^slahlish Iho 
iacl t hat luTvIlinni is railioart ivr. 

IU‘i*yHinm-7 is h)nni‘(l lur (‘xainph* in iht; l)oinl>ar(lint‘nt 
oV litliimn-t) hy (li‘nlrr«»ns; 

j . 

It was I'ounrl Lhal I ho omission ol' i^anima rays of (Mior^y 
0.^5 million oh;ctroii volts also ocrurs alU r Ijomhardmonl 
of lilliium () by (Iciilorous. 'I'lio iiiloiisily of gajniiia radia- 
lion diini uislios with lime just as in I hocaso of other radioac¬ 
tive substances. Jn 43 days the ijdcnisity of gamma radiation 
(Jecroas(‘S by OJie half. 

Chojnically, it was established that this radiation is 
coniUM led |)recisely with the beryliinni that is formed Ihrongh 
the l)ombardment of litliiniii by dtnilerons. llonsecjiiejil ly, 
beryllium-? is radioactive and converts iido lilhiuin-7, a 
part of the nuclei of which originate in an excited slate, thus 
accounting f(U* the appearanc(» of gajnrua rays of eJiergy ().4o 
million el(‘ctron-volls. lleryHium-7 has a half-life of 4!^ 
days. Since the transformal ion of b(M\vllium 7 into lithium-7 
is Jiot accom])anied by positron emission, it can be accom¬ 
plished only through the agimcy of yv-caj»lun^ 

Thus, berylliuni-7 proved radioactive and is transformed 
into lithium-7 b;/ n/ra/ts o/ K raftfiffv (Uflt/. 1'his circum¬ 
stance jdayed an imjMutaiit part in «l(‘ci«rmg whethm* the 
Jiimlrino ri'ally does exist or not. Hut what, has beryllium-? 
got to do with th(? neutrino? Was it not llirough the necessit y 
of iinderstanding the continuous nat ure of the bet a s|)e(*l rum 
that t he existence of t lu) nmitrino was hypol hesiz(*d? riiis 
was precisely what made Pauli suggest that a neutrino accom 
panics (he electron that, appears in b(d.a d(*cay. A study of 
the spectrum of positrons which appear in positron tiecay 
show(*d that this sped rum is of the same nat ure as the eh‘c- 
tron spectrum in beta d(*cay. (lonsetjuently, positron ra¬ 
diation should also he accompanied by a neutrino. 

Put positrons do not appear in the transformation of be¬ 
ryllium-?. Still, in this case also, one may expect tlu^ ap- 
jH^arance of a niuitrino for the very same reasons that a neu 
trino ai'ises in beta d('cay. This is first of all a result ol tin* 
action of the energy conservation law, because the energy 
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of <1 luTylliurn 7 iiiicIimis diffcM's from lhat of a normal 
iiuckMis of liUjiiiiii-7. 'I'Ih* I raiisformal ion 


should ndoase an vMK‘r<j:y of O.S million oloctron-volts. How 
is I his (•n(‘ri> v rclcascMl? Since jio particles are ejected from 
the nnclens they cannot carry o(T I he e.xcess enin’^y. Gamma 
rays likewise do in)t ari.se. 1'Jie ahove-mentioned gamma rays 
ol energy O.'io million electron-volts origijiate in a lithium 
jiiiclens afler Ih(‘ Iranslormalion of heryllinm has taken 
place, while* iji itself tlie process of the transformation of 
herylliiinw into lithiuin-7 is not accompanied hy the emis¬ 
sion of gamma rays. 

1’hns, neitht'r gamma qiianla nor ))o.*^itrons originate in 
the trajisformal ion of J»eryHium-7 into iithinm-7. Then liow is 
the e.\cess en(‘rgy removed from the lilhium--7 nneieus that 
is produc(‘d in Ihis transformation? We are forced to assume 
tlrat tliere exists some kind of nenlral |)article which we 
do not detect hut which carries off tiiis excess in the form of 
its kinetic en(*rgy, lliat is, again we arrive at Ihe neutrino 
hypothesis. |]ut here the situation is slightly different, 
since oidy one jairtich^ (iieulrijio) is ejected from a beryllium 
nucleus. Theretore, if a beryHium nucleus recoils, this 
recoil is due precisely to the neutrino and not to anything 
else. If it were jnissible to detect this recoil, it would 
])e one more argument in favour of the neutrino hypothesis. 

We must say Lliat the transformation of l)eryirnini-7 into 
litliiinn-7 is t he most convenient case for detecting t he exist¬ 
ence of recoil of nuclei. IteryUimn'T is one of the light¬ 
est isotopes. Tliis is very important l>ecaijse the lighter 
the nucleus the greater will he the recoil. Also, since noth¬ 
ing is ejecte<l from the mjchuis other than a Jieutrino, 
all nuclei should experience the same recoil. These j)eculi- 
arities play an essential role in the successful execution of 
nuclear recoil e.xperiments. 

1'he Sovi(‘t sciejitist A. I. Alikhanov was the lirst to 
grasp the remarkalde properties of berylrnjm-7. In 1U39, he 
began very interesting exjieriments to observe the recoil of 
nuclei, llecause of the war, Alikhanov was not able to com¬ 
plete these iiivestigalions. 
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Allen's K\|MTiiiieiits 

111 Allen Cfu-ried oiil llu; lollowin^ e.\ncMiments 

(Ki^. ^i7). 

A Ihiji film ol’ beryllium-? was deposited on a jdate A. 
It was very iiiiporlanl to obtain berylliLiin in the ronii of a 
irionoatomio layer on tliis surface. All(*u solved tins dilfi- 
cult jiroblem. The lua^rgy of the rtMoil nuclei oblaiiiecl in 
the emission ol a jieulrino by beryllium is only S() electron- 
volts. A nuch'iis that nj- 
coils in such nianiUT is 
(‘jected in the form of an 
ion. Ill order that the ion 
shoubi arrive safely at the 
])oint of observation, it was 
iK'cessary to de^as tin* ])late 
itself on which the beryl¬ 
lium-? was deposit(‘d, ainl 
iilso create the best jjossible 
vacuum in the apparalus, 
in which these ions were 
to move. And in order to 
have favourable conditions 
for removing the recoil ions 
from the surface of the 
f)lato, Allen placed in front of it a grid Ji, thus creating 
between the grid and ])lale A an electric field to accelerate 
the positive ions. The action of this grid on tln^ ions is 
analogous t o the action of the control grid in an amplifying 
radio valve. It enables us to extract electrons from the 
cathode of the valve In Allen’s experiments, grid H also 
helped to draw out ions of lithium-? that originated on plate 
A from recoil. 

When the recoil nuclei Iraverseil the electric field lie- 
tween plate A and grid Ji, their energy increascMl at the ex¬ 
pense of the electric field. In Alb*n’s (»xp(niments this 
energy increase came to roughly 100 electron-volts. Aftiir 
grid yy the ions entered another electric field between grids 
B and C. Ili^e the eliM-tric field was ilirecled so that the 
ions that had pass(*d gri<l // were decelerated by the field, 
lly varying the magnitude of field BC, it was possible to 
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arliic'vo a i^iliialioji in wliirli iiojjo of lliu ioTiS pasfiiriff grid 
/y would ht‘ aide to iracli grid 6\ To do lliis, liohl/yC’ liad 
to Jk^ such that, an ion in it lost not only the enorgy acquin?d 
in tdortric iield AH, hwl also iho owrgy obtained in recoil. 

II', however, the HH field is less than the ahove-menlioJied 
value, tin; n^oil Jiuclei will pass through grid C, and enter 
an aei eleral ing uh'ct ric iield of several thousand volts, 
alter which tln‘y are caugiit by a sp(‘cial counter placed aLv/y. 

Thus, the r(jgist.i*alion of ions by counlin* D will show 
whether any charged particles have passed through field BC 
or not. The experiment showed that recoil niiciei do exist 
and that their energy is SO (dec! ron-volts, that: is, it fully 
coincitles with the value that njiglit be e\|M*cled if the ro- 
co 1 is really due to a neutrino. 

In order to eliminate (Oitirely any possible doubts as 
to whether ll»o recoil was caused not by a neutrino, but say 
l)y gamma rays, Allen carried out control (‘\]>eriniejits. His 
argument was this: if recoil is diu‘ lo tin* ejection of a gam¬ 
ma ((uantuin, the recoil mich'i innst appear simultaneously 
with th(> gamma ([iiaiila. Hut a gainiua (|Mantiim is not a 
neutrino. Tin* former can be registered by a counter imlei>ond- 
enlly of the recoil nncleus. Thereforcj, if we put two coun¬ 
ters, oiK‘ ()l which is designed to count gamma rays and tlio 
oilier, recoil nuclei, \\v. should observecoincid(‘nl ilischarges 
in the two counlm'S, llowevin*, nothing of the sort was ob¬ 
served. 1'his was grounds for concluding that the appearance 
of n.'coil ]»uclei is not can.sed by gaiiima rays. 

Thus, to snmmarizi?, in the process of tin* transformation 
of hervIlium-T inlo lithinni-7 which proci'eds by means of 
A^-capiure, lilhiuni-7 nneh^i experience recoil.The momenlnm 
that corresj)onds to this ivcoil is obviously carried oil by 
sonn; bind of jiarlicle. d'his circumstance mak(‘S tlie hypoth¬ 
esis of the ji(*ulrino (a particle without an electric charge, 
without a magnetic moment., and of mass no larger than that 
of an eleciron) highly prohahl(\ 

A thorough sludy of the beta spectrum of Jl’ (triton) 
showed that tlie mass of the neutrino is indeed considerably 
h‘ss than the mass of an electron. It has not hivii jiossihlo 
to make an exact det<‘rmination of the mass of tlie neutrino, 
hut it may hi* staled detiiiitely Ihiit it does Jiot exceed 
1/1,000 ol that of an electron. 
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THE STUrCTT RE OF ATOMK^ NI C LET AND THE 
FOK( ES A( TINH RETWEEN NT! LEAR FAR I IFLES 


VV(j hav(‘ already learned ahoiil. many plunioiiKnia I lial in¬ 
volve atomic nuclei. It is now time lo |)os(? llie (lueslioji ol* 
llie stniclure ol* alomic nuclei, to lind out wliat particles 
comprise them, and what forces act hel weejj t h(\se ])articles. 

It. has already been pointed out that earlier, wli(*n phe¬ 
nomena relate<l to natural radioactivity ^vas all that was 
known, it was liidieved that atomic, nuclei t‘onsist(‘d ol* alpha 
particles, protons ajid electrons. Since' that tiiin* we have 
learned ol' the e\\islejn‘e ol other eK'int'iitary particle's, ue'ii- 
treais, |)e.)si trons, me'senis and the ne'idrino. All I ht'se* parti¬ 
cle's play ditTere'iil parts in piie‘ne)meoia that invtdve ate)mic 
nuclei. Jii nuch'ar transfe)rmalieius we' ohse'ived neutrenis, 
pe)sitre)ns ajid Jieuitriue.)S as we'll as ])rolons and al[)ha parti- 
e h'S. The iute'ractioii e)!' last- prole>ns ane] ne'ul re)ns with 
atomic nuclei |)roeluces pi-ine'senis. Do all these' part ie k's go 
to make up the nucleus of an ate)m? The answer is no. 


An' There Eleetroiis in At.ennie Nuclei? 

T.iejt us first examines the> liype)l he'sis which states that 
iiuch'i ce)nsisl ejl' pre)l e)ris and edect re)ns. This hypothe'sis led 
to a Jiumher e>r ce)nt radict ions with e'\pe'rime'ut. Among them 
are the fejlle)wi iig: 

1. Mdf^nrJic proprr/irs oj alomic nuclei, Led us take a 
simpler miedeus, such as a eleiiteroii. Its mass is t-we) anel its 
charge unity. According to the hypothe'sis at hand, tlie deu- 
Leroji should consist of two protons and one electron. Both 
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Mk* prolon and |)(»ss(»ss inaj^iKdic proporlins. The 

acci‘pl(*d way ol di'scrihing llir iiiagneli(* pro|)(M'l ies oi' par- 
t.irU'S is liy llieir inayiirlic mnniiMils. 

Tlii‘ inaoiu‘ti(* miomk'mIs i>l a prolon and t*l(‘(iroii are not 
idinilical: I li(‘ inoinenl ol* a |iroloii is jic^arly one thoiisaiul 
limes li*ss lhan llial ol an eleclron. 11 1 lie hypolhesis say- 
ijij;>’ lhal a denliMon ronsisls ol I\v<j prolons and one eleclron 
is torrt*ct, lliioi >vhal kind ol magnt‘lic niomeiil should one 
('xpecl Ihe denleron lo have? 'I’lie answer, of courses issirn})le. 
Since* I Ik* inagne*! ic mome'iits of prolons are small in coiii])ar“ 
jse)M with tlie; (‘lea l ionic nia^iielic moine'nl , one should ex¬ 
pect Ihe inayiu'rK' nioine'iil ol a denlen-on lo he* close lo that 
of an el(*clron. lv\i)(‘riJiie‘nl, lio\v(*ve*r, shows lhal this is 
nol so in llu* h/asl. 1 he iria^ne'lic inome*nl of a de*ulere)n 
])rovi‘d le‘ss than I he ma^jie'lic uioinenl e)f a predion! 

The natural (|ni‘slion is: If Ihe nuch'iis ol a d(*iiie*ron 
ri'ally doe‘s conlain an el(*clron, ihi’n why elex'S its ma.i(ni*Lic 
iiedd disappe*ar? 

We* seha led ihe miclens of he*avy hyelroj:ie*n as ;in (*xam])le*.. 
Ihil this conlradicl ion ap]die*s lo all nucle'i. The inagnelio 
mojrie*nls of all nuclei an* small in comparison with the map^- 
ne*lic moment, eif an eh*e troii. 

2. Nuclear spin. 'Ihe le*rm s])in in r(‘f(‘rence‘. I o the nio- 
lion of a top is familiar Io e*ve‘ryon(* from childhood. A top 
is a body capable of rolalin^ rajiidly about its axis. Ho- 
lary motion is desciibe*d by a maj^nit mle^ calle*d ajjgular 
mome*nlnm. JOverv rolaling body |M)ssess(‘S a ilelinile* an¬ 
gular mome'iilum. II turns e)ut tbal all I be e*le*inentary 
jiarlicles: I be eleclron, proton, jaisilron, nenlron and Jieu- 
trino also have angular momenla. It would not. be ce)r- 
re*cl to tbink lhal these* small parlicli*s are re*ally “mijji- 
alure* lops,” lhal is, tijiy solid boelies rolaling about their 
axes. Kirsl of all, the v(*ry fad lhal they are capable of 
Iransformalions, lhal is, of ap|H*aring and disappearing, 
and becoming e)lher particles in lln; proe’ess, proves that 
lhe*y an* far more comjile^x erbjecls. llowe*ver, Ihey dopejssess 
an angular moment luri, I be* iiahire t)f which has nol be*e*n ful¬ 
ly e*slablished. Hut unlike a le)|), wheise angular mornenliim 
const ani ly diminishes due^ lo friction of the surface* on which 
il move*s, Ihe* angular momejilum of a proton and an eleclron 
always remains conslaiil. 
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The angular luoiuonluiii is jusi as flisl iiignipliing a r(*;ilnr(‘ 
of ulomenlaiy parliclrs as islla'ii* charjic. Tor I j»i.s reason, 
t he angular uiojikmiI uin was given a s|K*(;ial naiue, "s|)iii.'’ 
'J’he inagniLude of llie sjnji is expressed by a s|)ecial unit, 
which is (‘(|ual l<» IManck's conslajil h divided by 2 ir. lii 
these iinils, I he spin of a inotoii anti llu‘ spin of aneleciron 

are eAprt\ssi‘d l»y the iiuiuber . 7 , 

If any two particles, each of which lias a spin of one 
half, uniUs the newly formed (•onj|)le\ system will have a 
spin of eith(‘r zero or ujiily. I'Ik' spins combine giving a re 
sultant value* of unil y if lh(‘ dirt‘cl.ions of I lit* angular mo- 
iii(*nla of both pari ides are Iht* saint'. If the angular mo¬ 
menta are in opposite direct ions iht* value of I lit? spin of 
the whole system will bt? t^qual to I he difference of the 
s])ins of both particles, that is, zertt. "riiese rules for add¬ 
ing spins permit of jirediding with ease Iht? valut* of the 
spin of a nucleus if we know the numbt*r t)f jiarlicles that 
corniiriso it. If the number of particU'S is evtm, tbt* spin 
will he either zero or integer. If the* number of particles 

is otld, the resulting spin will beeitlu*!' or , or another 
odd number of halves. 

1 'lie dilTeri?n(‘e between the two cases is very grt‘at. 'I’lie 
btdiaviour of particles that have an integral spin dilTers 
sharply from that of particles with a s|)in of an odd number 
of halves. In practice therefore it is easy to diflerentiate 
these two cases, 

Li*t us apjily this rule to atomic nuclei. We again take 
deuteron as an exam|)le. On this hypothesis a deuU‘ron 
consists of three particles, and therelore its spin must be 
13 

either tt or—,. But experiment eslablishi*d the spin of a deu¬ 
teron at unity. The nitrogen nucleus was found to have 
the same contradiction. 'I he mass of a nitrogen nucleus is 
equal to fourteen mass units. Therefore, it has 14 protons. 
Nitrogen has an atomic number of 7. Consequently, there 
should In? seven more el(*cl.rons in the nitrogen nucleus, or 
a total of 14-p7=^21 particles. 

If the number of particles is odd, the spin will he equal 
to an odd number of halves. How(?ver, jirocise spectral 
iiivesligalions have shown that the spin of nitrogen is in- 
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togral. This ririMinisI;nire sot'iiioil so ronl nolicl o?\v llint it 
hocaiiK' known in iJio liistory ol srionct^ as llio '‘niliogvn 
calasl ropho.’' 

iri. The cncr^f/ of rlrrlnots in the nnr/rns. Ono inori* i*on- 
tradicliun may ho adilod lo llioso cuiint'clcd with llic con 
ol o’.orl rolls insidi* atoinii* nui loi. 

'riio do\('loj)ini*nl ol' atomic pliysics lc‘d to ilio Croat ion ol 
a special llioor\, “wa vo rn(‘cliajiics/’ which doscri hos vory ac¬ 
curately such j)lienomona ol' the “rnicroccismos” as mole¬ 
cules, atoms and atomic nuclei. 

II' the rules this I luMiry are applied ami a calculation 
is ma(!o ol Iho oiUM'gy that an elect ron should have il'it we re 
insule the nuclmis (tin* size of winch is ol the v)rder of 10“'® 
cm.) the numhor lound is immeasuralily greaLor than tji * ev- 
perimenial value. 

According tei the “wave mechanics,'’ electrons (and also 
oIIku’ light particles, positrons and noulrinos) cannot, exist, 
inside at omic nuclei, (’oiiseejmuit In , jiiicl(‘i do not have eh'i*- 
troiis. "J'liis also means that the eliliicull ies with magnet ie* 
nioimnits and spins arosc^ as a ri‘snll nl‘ a miscoma‘pl ion c»ui- 
cerning nuclear structure. 

ir I h(‘re an^ no edeeirons in inicl(*i, it is obvious that 
tin* nuclear magnelic nomnMils should not he so liig as would 
he expiMded il elecl runs W(*re jiresi nt th(*re. It is also ob¬ 
vious that tin* coni radici ion wilh lh(‘ si/.t‘ ol I he spin was 
tJie result ol an incorrect couiil ol' IIkj nuinher of nuch‘ar 
particles. 


W'liat .\ro .\toiiiic Nuclei jllside of^ 

Nuclei do not consist ol ])rotons and electrons, that 
is obvious. r>ul they are without <|ui*slion com])lex struc¬ 
tures, lor the spin ol many nuchd is integral, and, as we 
have already jiointed out., tlie int(‘gralily ol' the sjiin is 
a true sign ol comjilex structure. 

Idien what are tlu'se jiarticles that comprise niich'i? The 
answer is this: aloniic tufciri atnsisl of protons and nrn- 
trons: tlirif hare no tdvcLrons^ positrons or nciitri/ios in them. 
Take a deut»‘ron nuchuis, it consists ol’ one Jieut ron a ml one 
proton. Such a rormalicm lias a mass ol' two, and a charge 
ol unity, which corresponds to a deuteronj/>“. 



On Mh' now liypotljcvsis, a doiiU'ron routains only two par- 
liclos (aji ifV(*n luijiilan'), and not. Ilirt'o, as hat! lu‘on sup¬ 
posed earlior, which is in good agi*o(‘irionl with the iTiagni- 
tudo ol the s|)in of Iho d(‘utoron, o(jual to unity, as you re- 
inom]>op. 

Areoi'ding to tht‘ Ji(‘w pirtun*, a nitrog(‘n jinrlous sJionld 
consist ol' sovon jirotonsainl s(?v(‘n noiiti'OJis. 'J'he mass ol a 
nitrogoji nurdous is lourtoon mass units (sovon ]n*otons and 
Sloven jj(‘ut rolls), while the atomic numhor equals sev(Mi (Iho 
rhargCMjl the nucleus is sc'von). J u t his case also the now hy- 
jiothosis assuiiu's an oven nuinlx'r ol' particU‘s in the nitrogen 
nuchnis, which agro(‘s with the value ol its sjiin. 

The idea ol’ nuclei consisting ol' protons and neutrons, 
wliich was lirsl (‘xpri^ssed tiy the Sovii't srientist I). I). Iva- 
iKuiko, is in good agreement witji known (‘\periiiKoital data 
and is at present gcnierally acci^pfed. 

ir the charge ol' the nuchnis is /. and th(‘ mass number 
.1, there should bo in the jm«‘leus Z prol«>ns and .1 Z 
neutrons, that is, Iho atomic number ol the isotope is deter- 
mimvl by the niimluu' ol protons in llu* nuch‘us, wliih tlie 
mass nuinlun* is tln^ sum total ol jirotons and neutrons. 

So luich'i consist, ol' protons and neutrons. Ot course, 
the read(‘r is right, in saying: W'ldl and good, suppose niichd 
are made up ol' protons and muitrons, but then what about the 
elocLrons and positrons that ap]K*ar both in artificial nucle¬ 
ar transrormaliou and in those of naturally radioactive 
substances? \Vh(ne dol h(*.se part icdes come I'rom il'l h(‘ nuclei 
tluiinselves don't contain tlunn? The question is (luito jus- 
iilital. Didn’t we often speak of “posit rons (‘ji'cled from nu¬ 
clei” or “electrons emerging from nuclei” in our ih'scriptions 
of nuclear transformations? And now we lind that there 
are no electrons ami positrons in nmdei. 

Well, that /.vthe cast'. There are no |)osilrons and (dec- 
trons in nuclei. They are formed in Mit^ Sfiace surrounding 
the mich'us from lln^ excess energy g('nerat('«l in the nucleus 
as a r(‘sult of tin* transformation which it. undergoes. 

We already know that, positrons and idectrons are not 
inimulabh' structures. We also kiniw that they can appear 
if sufricient. tnu'rgy is t'\pen<h‘d on t heir format it)n. It 
is this sufiicient energy that is present in nuclear trans¬ 
formations. 
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Electrons and positrons do not exist in nuclei hat result 
from nuclear transformations, in I his soiists ]»ositr()ji emis¬ 
sion is vi'i y siriiilar lo I he emission ol light qunJita by atoms. 
We are well aware ol the laet that there are jjo lig^ht 
(|iianta inside an aloni. I>nl we are not surprised t hat the ex¬ 
cess (‘iiergfv of an e\i*ile<l atom is convert(^d into another 
i’orm ot energy, light energy, lu the same way, we should 
not 1 ) 1 ’! surprised by I'xcess tnii'rgy in an atomic inicleiis pass¬ 
ing into anolhiM* lorni ol* energy that is associated with 
tin* mass ol a n elect ron. 

What happens in tin* nncl(‘ns itsell' when an tdeclJ*on or 
positron original i‘s? Didn’t we stale earlii*!* I hal w-hen an 
eleclron Hies tait ol'a Jiiicleiis, the linel(*ar chargi* incr(‘ases 
by unity, and when a jnisitron shools out it d(‘crt?as(^s 
hy iinilyV 'this means that soirn* sort, ot [irocesses occur¬ 
ring in llie nucleus an^ r(‘lalt‘tl lo tin* appearanct^ of a j)Osi- 
tron and eh‘clron. 'To tigure this out let us examine some 
radioactive transformal ions. 

Example L “lladionilrogen” converts into IJie isotope 
carbon-13. 'J’he I ransformation scheme is as follows: 

(positron). 

llow' does tin* inilial nucleus, radionilrog(*n, ditTi?r from 
tln^ carl)on-13 nucleus |)roduced iji the t ranslormal ion. Doth 
nuclei have the same iria.ss numbto*, thirleen, therefore, the 
total nunib(‘r of protons and neutrons in both nuclei is the 
same. Dut the charges of thesis micU'i dilT(‘r: radionilrogeii 
has a charge of sev(*n, wliih^ that of carbon-13 is six. This 
means that radionitro^^en has seren protons anti six neutrons, 
irhilc. a carbon 1'j nucleus has six protons and sei'en neutrons. 
The nuch'us of radionil rtigen has one proton more and one 
neulron l(*ss than tin* carbon nucleus, so that to obtain a 
carbon-13 nucleus from a nuch*us of radionitrogen one must 
substitute. Ibe extra proton in the latt(‘r by a neutron. Sum¬ 
marizing, we come to tin* conclusion that the essence of the 
nuclear transformation, “radionit.rogen converts into car¬ 
bon,” consists in one of the seren nitrofien protons convert¬ 
ing into a neutron. It is in such a transformation (the nu¬ 
clear charge in this act is actually ri^luced by unity) that 
a positron is jirorluced near the nucleus at the expense of 
tlie surplus energy fornieil. 



Kxnmfilv 2. 'Madiosodiunff' traiisiorins iulo inagiiosiuiri-24. 
The* lraji.sr()rinarH>ii is: 

| (Plor iron). 

Im what \vay dM(‘s I lit^ initial nucleus ol radiosodium 
dilTer Iroiii llie ina^nesiuni 2^i nucit'us 1 hat is rorincMl in llui 
Irauslunnat iv)U. 'I'Ue mass iiumiuM* ui lH>ni nuclei is the same. 
'J’h(*relore, hoi li jiuclei liav(‘ Uie same sum total ol protons 
and iKmlroiis. Hut tin* cliar^t‘s ol* these iiiiclt'i iire not llu^ 
saim^. 'J'hi^ charge ol a iiuchuis til radiosodiiim is (d(‘veii, 
while that ol a nucleus ol ina^nesiuni-2^j is twelve. This 
m(*ans t hat a niichujs (jl radiosotlium cc)nsists ol* idevaui pro¬ 
tons and t.hirtt'i’ii n(‘ul runs while a Jiia^ia'sium nuideus has 
t welve |n*olonsand t wedve ia‘ut rons. The ratliosoiliuni nucleus 
has one neutron moi‘(‘ than tin* inajiiiesinin-2^i nucleus. Hut. 
the Jatlt'r has oiu* extra proton. S(» to obtain a rriagnesiuni-2^i 
nucleus Iroin radiosodiiim oiii' has to r(*placi' the extra neu¬ 
tron hy a jiroton. Our conclusion then is tJiat Lht* Iransl'or- 
mation of a nucleus of radiosodium consists in e//c nj the 
neutrons of nuliosodiuin conreriing into u proton, which re¬ 
sults in tiic' format ion ol a nucleus ol magnesium-2-11. He- 
sulting from this translormation is a Iriv idectron that ap¬ 
pears in the sjiaci* around tin* nucleus. 

Thus the appearance^ of positrons and I'lectrons is some¬ 
thing like a signal that inside I he nucleus ci rt ain component 
paiMicles are in the proc(‘ss of transformation. 1'he appear¬ 
ance of an electron is a sign that one ol tin* neut rons within 
the nucleus has convi'rted into a ])roton. 

This Iransformat ion may lie written down as lollows: 

Jl'-!.-/’- 

The ap|K*arance of a positron nn*ans ju.si the opposite, 
that a proton has convei'ted into a in*iitron. 1 hi.s translor- 
mation may be written as: 

'rhUvS protons and neutrons inside the nucleus are cap¬ 
able of mutual transformation. Of course, attem]»ls were 
made both with resp(*ct to ])rotoiis and neutrons to represent 
them as eternal and immutable. Hut this lasted for only a 
very short time. Physicists were rather (luick to see that 
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like llio aloinic iiiicloi tlionisrlvos, Mioso olc'incnlary par¬ 
ticles an* II )l uiu ljiuii^eable. I’rnI (iiis ainl jkmiI ions can 1 rans- 
iorrn one into IJic oilier, ajj<l so in this sense vve may speak 
of jiarlicles (say jirolons) vanisliin^, and of oilier pari ides 
(ueiilroiis) aj)pearini^ in tlieir ])lac(*. 

Jl is of course jiossible to C4)jisid(M‘ tbe proloji and the 
neutron dintu'enl stales of ont> ajid the same jiaj'licli*. This 
is soiuelimes vioiie, amt the particle is calleil a “iwideon,” 
which means nuclear particle. If this picture is accepted, 
one may speak of a proton as one of the possible nucleon 
slates and a iKMilron as the oilier possilde nucleon state. 


The l{adi<nictivity of the Neutron 

And so a nuclear particle can exist eillan’ in a stale 
Called a “jirolon,” or a stale called a‘‘neni ron1 n nnrli'i there 
can takt‘ jdace a transition of a parlich‘ from oni‘ slate into 
another. T1 h‘ natural (juestion is: (lannot. such transforma¬ 
tions happen to particles /// Ihc frrv sfalr? Is it possible 
to ob.s(‘rve directly I he transition of a jiroton into a luailron 
or a neutron into a ))roton? 

'I'o ans\v(‘r this (|iiestion let us coinjiare the masses of the 
particles coiicejiied: 

protiiii mass ////, -.1 .OOToS 
neutron mass ///„ - 1.008113 

This coniparison shows that the mass of a neutron is great¬ 
er than that of a jiroton. Let it be arbleil that the mass of 
a ]iosilron is liki'wise dilYerent from zero and equal to 
O.OOOOo unit of atomic mass. I'his comparison slniws that 
the mass (ami energy) of a nmil ron and positron is more than 
the mass (ami energy) of the jiroton 

(/r/„-l-million electron-volts. 

This is the reason why a jiroton cannot “of ilscdf” con¬ 
vert into a neutron and a positron. Such a transformation 
recjuircjs that, an energy of 1.8 million (d(*ctron-volts he com¬ 
municated t (I the Jiroton. 

In a nuc.huis that possesses e\cess emugy, a jiroton can, 
by interaction with other nmlear jiartitles, acquire an 





ojiorj^y Riifficicnt lor traiisft)rnin1 ion Inl o a inMilron. How- 
over, in llio I roe stale a proton (‘annot. liinl this ojjiTj^y, 
the result heinir tJiat Hie Ira list'or mat ion ol tree protons 
into nontrolls (ioi‘s not ocfiir. I’rotons (Ilie nuclei oi hv- 
(Irogen atoms) prove to hii slahle 

"riio situation For nmilrons is qniti^ dilYerent. Tlie mass 
ol* a iK'utroii is more Hiaii that ol a proton; it. is evcm more 
than the comhined Jiiassi‘s ol‘ a proton and an ideclroii. 

This im^ans tliat. in t he translOrinat ion 


energy shonhl he reh'ased (about 800,000 (dect ron volt s). 
Thus, we S(*e that, tlic sponiaiu'ons transi'ormation ol' a In^e 
iicmtron into a proton is possible. The snr|»his en(*rgy pro¬ 
duced in such a translormation is taken up by idectrons, 
which should apfiear with an energy ol 800,000 (dectjon- 
volls. 

T\\o sjiontaiieous conversion ol’ a jumt.ron into a juoton 
is not only possible but is inevitable, For we know that a 
system that possesses excess energy lends towar»ls a state 
in which its energy is a ininimum. in this resjiect there is 
cojn])lel(' yiaralhdism between the conversion oF a nmitron 
into a jirotoJi and, For example, that oF radiosodium into 
inagnesiujii 2d. in both case.s the neutron vanishes, giving 
birth to a proton ami a high-energy electron, it is thereFore 
to 1)0 c.v]K>cted that the.se two proct'.ssos should devidop along 
similar iiJies. But the conversion [irocess oF radiosodiuiii 
into jnagnesium-24 is of the nature oF a radioactive trans- 
formatioi. For this reason, t he transFormat ion ol a neutron 
into a proton should proceed by the same laws. I'lius, Free 
neutrons that do not exist in nuclei iniist b(‘ radioactive. 
But it is no easy matter to oLserve this sort oF railioac- 
tivity. 

VV’e may recall that in tiie Free slate ni'utrons exist For 
only a very short time. A Jieutron H'reed” from a nucleus 
continues iii its motion until it encounters anothcT nucleus 
and is ahsorlied by the latter. Owing to this fact we are 
able to observe it in the free slate only en route from the 
nucleus that released it to the nucleus that ab.sorbed it. 
F]ven if tin) neutron is sIowhmI dowui to tluMunal veloidties 
(^2x10® cm./sec. at room lemperatun*), Hie time during 



wliicli roll's lK‘lia\ioiir may l )0 sliulUnl will in> a 

tnrrc 10sor. 

lii iJirs 10 ‘ so<‘., (luring wiiii li I ho noiitroji covors a 
(lislaiico of ahoiit 20 tin., wo inusL sucoootl in dotoctin^ its 
radioactive (lisi 111 ogral ion. Wi; are, ol course, aware ol I lie 
iact that radioactive decay does not involve all the radio- 
act ivt? particles siuniltaneoiisly, but gradually. The proha- 
hilily ol such a Iraiislormatioii is doterniiiied (see p. 43) hy 
the magnitude of the decay constant. Out of a total quan¬ 
tity of radioactive nuclei, nucJei decay in one 

second; lime A is the constant of radioactive decay. 

It is OIK* thing, of course, if the constant of radioactive 
decay of n(*ulrons is a sufficiently large quantity: then 
the numher ol neulroiis decaying during the transit time 
of their tree |)ath will l»(* ap|»r(‘cialde and it will b(? |)os- 
sihh* to d(‘tect. their d(‘cay hy e.\periment. However, if the 
V. of the neutrons do(‘s not prove to he a large quantity, 
then lh(^ nninh(‘r of ni*utrons that, tiecay during 10”^ sec, 
(eitual to lO""* will he so small that it will he impos¬ 
sible to del(‘ct neutron radioactive decay. 

To di'tectlhe radioactive ilecay of iKMitrons, even when X 
is not too small, requires a beam of neutrons of high inten¬ 
sity. lint we already know that the numher of neutrons pro¬ 
duced in tin* process of nuclear transformations is very 
small. I p until r(‘cc‘ntly it was practically impossible o 
create a neutron stiurce jiroducing from 10“ to 10® neu¬ 
trons per second. This was why we did not observe neutron 
radioactivity. It was only with the a[)pearance of nuclear 
reactors, or jiiles, (to he discussed in a later chajiter) wliich 
])roduce t remendons numbers of neutrons (more than 10’® pel* 
sec.), that radioactive decay of neutrons was observed in 
li),j0. Neutrons wi*re found to decay with a half-life of about 
13 minutes. During 13 minutes, oiu* half of the neutrons in 
a free stale disintegrate into protons. 1'he electrons that 
are produciMl in this decay jiossess a continuous energy- 
sp(*ctrum of a form similar to that of th(' beta spectra of ra- 
d i oac l,i v(» su bst a nces. 

'J'lie discovery of neutron railioactivity was of great scien¬ 
tific importance. The radioactivity ol neutrons is direct 
confirmat ion of the hypothesis discussed above which .states 
that radioactive l)(‘ta riecay and decay accompanied hy the 
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emission ol’positrons (and also A'-capUn*o) aro Mie rosnlt of 
transformations lakin^ jilace ijisifle jinrlei, of transforma¬ 
tions of neutrons into protons (l»eta ileeay) or ]»rolonsinto 
neutrons (positron decay, A'-captiire). 

At the sana^ time, I lie estaldisiied fact of the conversion 
of a neutron into a proton, together with other transforma¬ 
tions di*scrihed (earlier (the traiisforination of a gamma 
quantum int.oa ])()sitron and ei(M‘l ron. of an electron and posi¬ 
tron into gamma quant a, of a iiK'son into an t*lectr(.nj or posi¬ 
tron, and the transformations of mesons of one mass into 
mesons of anotluvr mass) servt* as a rernarkalde i lliist rat ioii ol 
the })riiiciple of dialectical mattoialisin conc(*rning the 
mutual transforinahility of dilTenmt forms of matter. 


N iieleair Forces 

Let us return to tlie question of ra<lioac! ive transforma¬ 
tions occurring in atomic nuclei. 

Why does a nucleon pass Irom a “tirolon” state to a “nini- 
Irou” state, or vice versa? How and when does this 

An examination of the forces t.Jial act between Itu^ nucle¬ 
ar particles will hel]) ns to understand this better. What can 
we say about tin* forces that act between [)articles within 
nuclei? Obviously, since nuclei contain charged particles, 
protons, there should exist, between thi> latter, electric 
forces. y\nd since the sign ol the charge of all protons is I he 
same, and like charges repel, the forc(‘s acting between 
the protons should he forces of repulsitin. If tdiere wmc* no 
other forces acting hetvveeii Mu? particle.s of nuclei, the latter 
wouhl not he able to retain a stable state, lua anse Ihe repell¬ 
ing protons would fly out in all <liredions. 

But atomic nuclei e.xist, which means that some other 
forces (asi<le from electricity) act on tlie protons and that 
th(\se forces are attractive and of a magnitude that exceeds 
that of the forces of repulsion. 

What are t hese forc(\s then? Up till now we liavi* eiicoiiii- 
l,(‘red in nature t wo tyjies of forces: electrical and gravitation¬ 
al. It is obvious that I he forces in question are not ehictric 
forces. And it is also clear that these forces are not gravi- 


287 



Ultional iKTausr tlir Jailor aro iiojT|i^iJ)|y small bolwocn 
such liny massos as llioso ol‘ the |)rf)loij aiul tlui lu^tilron, and 
caimol play a pari ol any jin])orlaiuo in micioar phenoiiKMia. 

1'Jnis, wo arrivo aL I lio inovilahio ronclnsion that t lio 
loiTos at lin^y holwoon parliclos in aloinir niirlt'i aro sjK'cific, 
iiurloar, lon os lhal. an* soinolhiii^ now. Tho iiloa ol Uio s|>o- 
ciiic naluro ol liioso loiros was th’volopod hy tJio Soviet sci- 
oiilisls 1. K. 1’aniin ajul D. I). Ivaiioiil^o. 

jh*lwo(*ii whal j)arrKlo.s do llu'so spocilic foiros acl? 
An? llioy loroi'S IhaL inloracl only bol woon proloiis and non- 
troiis (»r (bj llioy also acl. iiolwooii olin'i* ])anich"s, siicli as 
two n(‘Ul rolls or I wo pndoiis? II ow do I Ik‘Si‘ Torcos vary with 
Uio dislanco l)ol wt‘on I In* parl iclosi’ Wiial is Idioir sizo? 

ll was round l liaL at sliorl dislaiicos (oT I ho order ol 10'*® 
cm.) nucl(‘ar 1‘orcos an* very ^roal. TJioy an* niiicli ^rc'alor 
lliari I III* lorcos ol' repulsion acl ino- b(‘lwoon char^i'd j)ar- 
lich's (proloiis) at lie* same dislaiici*. 

i\ucl(.*ar lOrcos diminish wilh dislanco so rapidly lhat 
al a dislanci* til 2 to cm. llioy an* praclically zoro. 

'riiis circumslanc(* sharply ilisl iiit'uish(‘s niich'ar lV)rci*s 
i'rom oloclrical lorcc's wliicli t)ln‘y (loubunh’s law, so lamiliar 
I roiii I ho scliocd course ol physics. 

Kioclrical l'orc(?s act ov(?r ilislaiicos lhat j^roally exceed 
the siz(‘ ol I he nucleus, and Tor I his r(‘ason no nialli*r liow^ 
many charged particles thero fin* in the nucli*ns, i*ach ol' Ihem 
acls on all I la* olliers, and all I ho o( Ik'i* charged parlicles 
act on each individual charged particle. In other words, 
the oloclrical lorcos act belwec'ii all cliargoil particles in 
the nucb‘us. 

(^)uit(* dilTerent is tho b(*haviour ot iiuc.h'ar forces. Since 
I hey diminish very rapidly with distance, their action 
does not exlend to all jiarticles in llio nucleus, but only 
to adjaci*nl parlicles. Ami what is more, Ibero is a s|»ecilic 
fi‘aluri* of nu(‘h*ar forc(*s tlial is cojicorn(*tl willi the mimbor 
ot i III eracling neighbouring parlicles. In Ibis res]»ect, jiu- 
cloar I'orces resemble I Ik* lorct*s that del(*rmiiie I Ik? chemical 
properl ies ()f a siibslance. Like ( iK'iuical forces, iiuch*ar 
forci*s possess “valence,” that is, the luosl si able si rucl uros 
an* 1 hos(* wilh a delinile number of inl(‘racting particb's. 

'rin* gn*alesl forces (*\isl hetw(*en a syslein of four [)ar- 
ticles, two |»rotoiJs and lwi» Jieutroiis. "lliis peculiarity 



of iiviclonr forros loads lo tin* fact, \v(‘ll suhslaiiliatcM] by 
OA poriuK'iit, Uial alplia particles, which cunsisl of just su( ii 
a niiniher of |H'ol<»iis and iKMitroiis, an* (‘\1 raordi nari J y sta~ 
l)l(^ I oriiiat i ons a lid tliat the most slahh* iiu(‘i(*i an* lliose 
with an (*({iial nninh(*i* of neiiirons and pmtnns. With t lie 
iiiiTnh(*r oi protons (*(]ual to tin; iniinlu*r of jieiilrons. the 
energy of the miclons will he* a ininininni. It wi* huilt a 
]iij(‘l(*iis with a slightly dilT(*renl ratio of particles, for(*.\ain- 
plo, with one li*ss iioiil ron (the nnml)(*r ol JK*nlrons would 
etjual //.— I) and oik* (‘xtra proloii (llu* niiniher ol protons 
would (*qual // •-I), the eiM*rgy ol such a Jiiicleiis would he 
gri‘ali‘r than Iht* eiK*rgy of a inKd(‘iJs that contains tin* saim* 
jjunilior ol parli(‘k*s (2//), hiit coiM{)os(‘d of aji (*qual mini- 
h(*r of jirotoJis and neiitrons. Since any syslein tt*n<ls to pass 
into a state*- of J(‘ast energy, the first ol tln*se nuclei (con 
sisting of //. 11 protons and //-I nenlrons) will strive to 
coiiv(*rl. into llu* second, which consists of // protons and // 
neutrons. 

I low should this traiislorniat ion lake jdace? Obviously, 
what, is JU*ed(‘d is for oik* proton to convert into a neutron. 
As we alr(‘ady know, this Iraiislorination will Ik* accoin jianii'd 
by tin* ejection of a positron, resulting in ])osilron radio- 
a(‘tiv(* di‘eay. Such is the <*on.s(*<|iK‘n(‘e t hat lollows from 11k; 
nature* of the* aelie)n of nue‘le*ar lorce‘S. Jhisilron radieiae*.- 
five* de‘C.ay sluiuhl he ediseu'veMl in nuede*i with the* niiinh(*r of 
iKHitrons less than that- e»f protons. And true enough, jiosi- 
Iron decay is fouinl in e ase*s wln*re‘ tlu'ie* are le*we*r ne*iitrons 
than preitoiis, as witiK*.ss an isedope of earhon. This 

isolo|)e is radie.iae'l ive^; it decays with tin* emission ol a 
jiositron. Thi^ ^(2“* nuele*us has four neutrons anel six jiro- 
tons. liy eli*eay it is transformed into a stable nucle*us of 
whicli contains o neiitrems anel o jiroteins. d’lie nue*hms 
of I he* p()‘' isotope; eif o\yg(*n has fi neiil reins ami 8 preitenis. 
It elecays by fiosilron e*missieni iiitei a nucleMis (a stable* 

isoleijR;Of nilre»ge*n). Mdie* nucleus contains 7 ])rote)iis 

anel 7 iK'iilreuis. Siimmari/.i ng, the*n, if a nucle-us e enilains 
more* protons than ne*iitrons, it is uiist.ahle and e*\pe‘rie'nce;s 
peisitrem vaelioacl i ve* dee ay. 

On the* e)lhe*r hand, micle*i with an e\e*e*ss of ne*utroiis 
will also he* mist able*. Tiiey will iiiielergo raelioae t i ve bet a 
decay ae*e oinpaiiicel by the emissiem of electrons. For exam- 



pl(‘, a gF®® iiiicloiis conlahis J1 neutrons and 9 protons. It 
(l(‘(•ays with electroji emission and is converted into ,o^^'*** 
(a stable neon isolo})e), the nuclei ol* which contain 10 neu¬ 
trons and 10 protons. 

Whet her t lierci occurs Iransrorinat ion ol* one type of nu- 
cUnis (with a f^iven niimher of protons ami Jieutrons) into 
another tyjx' oi nucleus (w’ith a different numher of protons 
and neutrons) dejiends above all on the relationships betw’een 
the energies of lliese nuclei. In the cas(* of light elements, 
till* h*asl energy is j>oss(‘Ssed by nuclei w’^ilh the number of 
neutrons and protons e(]ual. 

In the total energy balance of tlie nucleus, it is not 
only t he (uiergy due to the action of these sj ecific nuclear 
forc(*s that is of importance; a part is also playi^d by the 
energy of lh(^ electrical forces of re])ijlsion belw^een the 
])io'ons that comprise the nucleus. Th(‘ number of })rotoiis 
will increase along with the growth of the total iiunibor 
(»f nuclear particles. 1'he importance of the repulsive 
forces of th(^ protons w’ill ])rogressividy increa.se. Now-, nuclei 
with the sani(‘ nuinbi'r of protons and neutrons will no long¬ 
er be the most stable ty])es. More stal)le will be tliose nuclei 
W’ith t lie number of neutrons slightly in excess of the number 
oi protons. For <‘xajn]de, the nucleus of the oidy stable iso¬ 
tope of rhodium ^j-Rli^®* contains bS uiuitrons and only 45 
jirotons, ill other words, the ratio bet-W'een the niiinber of 
neutrons and the iiuraber of protons is no longm* unity, but 
has become 1.29. 'Fhe nucleus of the only stable isotope of 
bismuth gjiii®®* contains 126 neutrons and only 83 protons. 
I'he ratio here of thc' nuinbi^r of neutrons to the number of 
protons is 1.52. The higln^r the atomic number of the sub¬ 
stance', that is, the greater the number of protons in the 
nucleus, the greater the surplus of neutrons necessary to make 
Ihe nucleus stable. 

lAd us once again return to the question: Re tween what 
particles do nuclear forces act? 

It was believed at first that the specific nuclear 
force's act only between unlike particles, that- is, only be¬ 
tween protons and neutrons. However, it w^as established 
by direct (^\ peri men ts based on the study of collisions of 
fast protons w-ith hyilrogen nuclei that the specilie nuclear 
forces akso act betw’een tw’o jirotons. 
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A study ol 1 ho seallorintr <»l last iiouirtuis hy dculcMotis 
ajid pint oils iriadc it possitdc to oslaldish that, nuclear 
lorces also ac| la'iwurii t wo iieut ions. Thendore, at ]ues(Mil 
it is J)elii>ved that nuch'ar loires act helweeji all the par¬ 
ticles that iiiake up nuclei. 


A Model of the Nucleus 

How are the compojient- partich^s of a nucleus arranged 
within the latter? 

This rjiiestion was answer(‘d iiidependeiil ly hy the Soviet 
jihysicist \ . I. Frejd\el and the Danish physicist. Niels Hohr. 
()n their theory, nuclear structure is rundaimuilally dilTerent 
i'roiTi tin; structure ot atoms. In the alum w(‘ have a nucleus 
with a large; chargi; and a large mass (the centre* ot the sys¬ 
tem) and electrons I hat- surround the nucleus. In I he atomic 
nucleus there is no such centre. Although the component 
fiarticles, protons and jieutrons, are not identical, they are 
to a certain degree equivalent, because* the lorces acting 
Indween all nuclear jiarlicles are a|)pro.\imali‘ly equal. 
And what is more, the lorces acting between nuclear parti¬ 
cles are extremely grcuit.. For this reason, all the partich*s 
in the nucleus will tend to arrange themselves as closely as 
possible to each other. 

This is an exact analogy to wdiat w^e iiiid in tin* case o! a 
drop of liquid. All the molecules of the drop are identi¬ 
cal ajid the forces acting among them arc* the* .same*. Under 
llie action of these lorces the liquiil (lro|) tends to take on 
a form that corresjionds to a minimum ol cui(*rgy. This lorm 
is a sphere. 'J’he analogy hetween a liquid drop and a nucleus 
proved to be c?xc(?edingly profound; in many resjujcts tlie be¬ 
haviour of atomic nijcl(?i re.seinhles that of a charged liquid 
drop. Just as iu a liciuid drop, the partich‘s of the; nucleus 
interact with one another and exchange* energy. If the 
forces of interactioii hetween nuclear particles were Jiot so 
great, we should he able to oliserve a pln‘noinenou similar to 
the evaj>oration of a liquid. It is well known that evajjora- 
tioii of a licinid is due to the fact that erne of the molcH*ules 
accidcmtally acquires an energy large (;nongh to overcome 
the attraction of the other molecules. Nuclear ]»art ides do not 



usually i^vaiiornlc* horanso they liavi* lo ovc'irorm* loo frroat- 
an al l!ad ion. Jlowi'vor, il we “Jieal t he jiiidens, 1 hat 
is, if wo imparl lo il arhlilioiial i*ner^*:\, a somowhal similar 
cvaporal ion may lake' ]>lac(*: oik' of I lu‘ parlirlos shools out 
of I h(* niicleiis. To have this lake phn (‘, I In' micieus must 
1)0 heal Oil lo Ihonsainis t)f millions of (h‘ert*es. 

I low is il j)ossihh‘ lo heal the nnchnis lo sudi an exlenl? 

Let us hojiihartl lh(‘ nueleus with a fast |)artirU*, a pro¬ 
ton, a neniron, or an aIpJia ]>arlieh‘. W hal will lia|»|)i*ii wiu'u 
such a ])arlic h* peiaHralc's I In* imcic'us? On (‘nlerinty the uu- 



deus, il will immiMlialely hc^giii to iiileract wilh the oilier 
parlieles ])ro<lnriim an c‘AdianKe of ener^^y. Once within thi^ 
jiucleiis, I his jiarlieh* will friller away ils (‘iier^y amJ will 
b* unahJi* lo leaver I he nucleus. This is very well illustrat- 
o i l)y the mechanical model shown in Lipf. 4(S. 'I’here ari' a lot 
of liny halls in I hi' deprc'ssion. What will Jiappen if wo 
j)ush in anollu'i- ball? Of course, if tlu' di'jui'ssion were 
empty and there wen' no friction belween the ball and the 
walls of th(‘ depression, our i)all would very quickly roll 
oul of it. lint if the ih'jiression is liiled uf) wilh balls, our 
ball will iind it hard to get through. Jtwill encounter 
the other balls and will comiiiunicale to them a jiart ol its 
energy, and, linally, it will have so little onvigy left that 
il will not be abb’ to h*avo the de|)n‘.ssion. After the* ball 
enters the depression there will develop a chautio move- 



moiil arnontrt.lift (lioro. If I hero wore no friclion luMwi'on 
Uio l»cilJs aji«l lht‘ walls ol llio •.k‘pri'sSM)M, some one of I he 
balls would finally aeeumiilale a eonsi<lerable lUJeiyy and 
would jnm|) onl. JUil. Ibis rould he any one ol IJie halls 
ajid not necessarily the one we |)ijshed in. 

'J'he very saiiKJ Ihin^' cu enrs in I he nnchni.s. The incid oit 
particle imparls its eiier^^y lo all particles withiji the iiu- 
(dens. This ener^^y is disirihnted helween all the particles 
more or less evejdy. 'Jdio movenK‘nt of the y»articles will 
become chaolic, and lh(*ir hiiielic ejicvrjify will be greatm*. 
In this sen.se we may use the t(*rm “healing’' the iniclmis. 

The penetration of a jiartichi into the jiiicleus will have 
two consecj Lienees: 

1) a new nuclmis will be formed that conlains one |)arli- 
cl(‘ more than I he original oik^ 

2) the new nnclens will ]iav(‘ exce.ss energy brought in 
by the new partich*. The nnclens will he excited, “healed'’ 
to thousands of millions of d(M»n‘es (lhf‘ averagt* encn’gy of 
thermal agitation of the particles of Ihe nucliai.s at a i(‘m- 
peralure of one thousand million d(*gre(‘s is approximately 
CMjuai lo 0.1 million (vl(‘Ct roa-volls). 

Such a “healed” nucleus may exliihit lla‘ ])henomenon of 
“evaporation.” 'the <‘XC(*ss euergy or a coiisidmalde fraction 
of it may in time concent rale in soim? one ])articleand this 
particle will “evaporate;” it will leave the nnclens. And 
what will ha|)pen is what we call nuclear 1 rajisformation. 
This invent is well illustrated in Fig. A\). 

iNow wdiat particle can (?va|»orale? Let ns assume that a 
high-energy neutron has ciiKmcmI t Ii(‘ nuclons. 'l'h(‘ surplus 
energy in the newly lornie<l nucleus may C(jii enl rate, for 
example, in one of tln^ |)rotons, and a proton will shoot oul 
of the nucleus. The I ransformal ion will be of Ihe type: 






According to the model under coiisidilation, this trans¬ 
formation will 1)0 executed in two slag(*s. During tlie first 
stage there will l)o formed a com])()nnd nucleus with llie 
captured particle: 
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;/.V. rM)lii l''r(Miki'l iiioilci ()l niiricar i‘.\rilatioii, 

i — a “iUK'Ii'iis" with a (luubl<’-s<*alt* llHTiniuiirUT. M’iii! Irl'l-haiid srah'i Is divi- 
tleii intd sfctions nl l((,uuu iiiUIidii llie i ij;rlil-haiid onr, inU) iiiillinii.s 

of ch’clrim-Vdils. A Tieiilroii is “lirrd" into lln* iiiirlriis; i;— the iieiilrori Jias 
cnU'n:d tin* mjch'us. Tlic "iUH-l»;ar drop" lias Jn'att'd u]) t.‘» a lumpcTaliird of 
t<0,o00 luilLidii (l» «ri*is (lu million rlectitni-vol u). All parliclcs in l.lm nurlnis 
an; rxcrilfd. 'I'ln- drop is in a slato of <isc.illa lory riiotioii; .V -- oni* partich* has 
•evapiiralnl.’ Thtr triiipnralun* tif tin; iiucluiis falls; ■/ tin; “nncltus" has 
iMiiitted a K^nnma-ray qiiaiituin and has passed to Ihi; ground slaU;. 

This compouinl iiucloiis is “overhraUMi,” il has excess ener¬ 
gy which goes 1 1 ) one ol the protons. And Llie st^cond stage 
of the Iranslonnalion begins. WitJi this extra ejiergy, the 
proton evaporales irom IIk* lindens: 

The excess eiun’gy may lie distributed in a group of par¬ 
ticles consisting Of two jirotons and two electrons. The 
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group will Ihoii bo “ovaporaliMr’ as a wlioio. In Ibis case, 
we shall speak of an alpha parlicle being ejected: 


——„Na- l-Jle\ 

It, may also happen that, one of the neut rons has concen- 
traleda considerable ]»art. of t he energy. "J'Jien a neutron will 
be ejected from tin; nucleus. Again we havt^ I he original nu- 
ch;iis, but still in an excited slate. If tin; excitation energy 
is gr(;at, another particle may “evaporate,” for example, 
one more neutron, and the ty|>e of I ransformation will be 
as follows: 
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Such transformations have lieen observed in experiments 
ill tiio bombardment of nuclei with nmitrons of energy 
greater than 10 million electron-volts. If, iiowever, after 
the ejection of oik; of the particles of the nncleiis thc?r(; re¬ 
mains a small excess energy, it is usually released in the 
form of a gamma-ray quantum. 

Finally, it may happen that a gamiiia (luantum is emitted 
Ix'fore the excess energy is t aken up by one of the jiarticlos; 
after emission of the gamma-ray quant um, the remaining 
excitation energy of the nucleus will not be sufficient, to 
ej(;ct any other particle, and the neutron that entered the 
nucleus will nniiain there. The ])article will be captured. 

! ^gAP^-l-gamina quantum 

Which of these comjietiiig processes will occur, the ejection 
of a particle or the ejection of a gamma quantum? If the 
iientron that enteretl tJie niiclens has brought a small amount 
of energy (a slow neutron), t he probability that one oi the 
nuclear particles will accumnlate an excess energy sufficient 
to fly out will be small. One will Jiavc to wail a long lime 
for sWli an eviuit. The gamma quantum will emerge first. 
For this reason, the homhardmont of a nucleus with slow 
neutrons usually results in neutron capture. 

if the homlmrdment is done with neutrons possessing 
high kinetic energy, a great deal of excess energy will bo 



imparted to Hio niirloiis. TJic probability that one of the 
nuclear particles will have energy enough to get out of the 
iiiiclciis will !)(' considerable. In this case the principal 
event will be the ejection of a |»arlicle. In some nuclei 
protons will escape, in others jieulrons, and in still otliers, 
alpha particles. We will witn(‘ss didenuit types of nuclear 
traiisforination^. 

Though the analogy b(‘twe(*n llie nucleus and a liquid 
drop is a deep one, it has its limits. The e\ceedingiy small 
dimensions of nuclei (with radii of 10“'® to 10“’“ cm.), 
the trmnendons density of electricity and mass in nuclei, 
the enormous forces of interaction bi‘twt‘i‘n particles result 
in certain sj)ecilic pc'culiarit ies, which cannot be accounted 
for by this model, but it still explains many aspects of dif¬ 
ferent ]>henomena involving atomic nuclei. 

Nuclear Traiisrorjiiaiioiis Accomimiiied by the Kjeetion 
of Several Particles 

If I h(^ (Miergy of a j)arlicb^ that, enters a nucleus is great, 
of the nrdi‘i' oi lOO million electron-volts, th(‘ iiucIimis will 
receive so mnch energy, it will heat ii|) to such a high tein- 
peralnre lliat not one j)artich? hut several may “evaporate.” 
if an (‘nmgv of t h(‘ ordcT of one thousand miUioii electron- 
volts w( i\' ( ommnnicated to a nncl(‘iis, it Wt)iild “evaj)orato” 
entirely, that is, allthe partielt‘S composijig it wonid lly 
out. in dilTerent directions. J^Aperimenls carried out with 
d(Milerons ajid alpha particles of ejiergy uj) to liOO and '100 
million eU*clron-volts res|)ectividy t(‘stily to I he possibility 
of su<h proc(*ss(*s. In these ex]»eiimejils, a large number of 
jjarlicJesanncnind to ho (\jected from t In* nucleus. The niim- 
i>er of eim*rging ])arlicles flepends on IIk* ejiergy of the 
J)omharding particle. I’lius, in th(i Jiornhardment of silver 
with alpha parlicli's it has lieen (‘stablisherl tliat a m'litron 
em(‘rg(‘s only wlnm the eiKU’gy of the al))1ia |)art icie exc(HMl.s 
11 million idect ron volt s. Obviously, the aljdia |»articles 
nMjuin* smdi a hig eiimgy in ord(‘r to ovivrcomc* tlie forces 
f)l rejmlsion that act h(‘twe(*n tin* alpha particles ajul llie 
silvm* nucleus, and to ptnietrato into the niichms. However, 
if the ejiergy of I he ali)lia jiart icle exceeds lo miJIioji elec- 
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Iroii'VolIs, Ciisrs ;n’o obsc^rvL**! ol two Jioiil I'ons ciiicr^i 
iroiii Uie jjihUmis. AjhI wluoi the rnor^ry ol llio nlpliu ]»arli- 
cl(‘ n*jiclu*s 2',S million electroJi-volls, three neulroji.^ are 
el>serve<l to emer;^i‘. 

Similar plieiiomeiia are ohstoved whim a deuleroa is used 
as the homhardiii^^ |)arli(le. lly way el illusl ration tel us 
examijie t he t rauslormalions oliserved in the homlairdinenl 
ol nuclei with deulerons ol oiieruy 20 lo ^lO million eleclroii- 
volls: 




.D 
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In ileuleron homhardniimt wilh particde ener^ii'S ol oO 
inillioji eli‘(*l ron-volls, I ranslormal ions have heen delecleil 
that are the result ol evaporations Iroin the cojn|)onnd nu¬ 
cleus ol live neutrojis, lor e\ain|de; 
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Deuterojis ul enei'^y OU inillioii idect roii-vults heal, uj) 
a coni]n)und mideiis to such an extent tliat six neutrons can 
evaiJorale Irom it. .\n example ol this is the t ranslormat ion; 
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'rraiisloriiial ions haxc lK‘eii reccnikMl which arc^ the result 
ol eva]»oratioii Trom tlje compoiuid jjiicleus ol a still greater 
number ol particles. Thus, in the boinl)ardiuenl ol urajiium 
with high-energy deiileions, the I’olloxving I rauslormal ion 
is encountered: 








1'he j(‘sull ol this translormation is a new eleimml, neptuni¬ 
um, which we shall describe in detail later on. 

In the bombardment ol nuclei wilh parlich'S ol still 
Ijiglier energies, so many |)articles are ejt'cliMl (eva|)oraled) 
that it is no longiT any (*asy matter to ixstablish the exact 
Jiatnre ol liie ejected i»arlic’l«s. 1'hus, lor examj)le, iti the 
bomhardment ol antimony, which consists ol two isotopes 
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with mass iinml)i*rs *121 and 1211, hy doiilorons of 180 millioii 
(dorlroii volls, llieiv wore found isolojX's of pMlIadiiiin-lOO 
and 101, of silvor-102, 103 and KKi, and (adiniurn-lOr), 
107 and Ho. 

IIow is i(, ]K)ssil)lo for Iho isotope palladinin-101 to orig¬ 
inate from anlimoiiy of mass 123 (or 121)? 

This is possible* only if holJi neutrons and charged par¬ 
ticles with a total mass of 22 units (this is for a transfor¬ 
mation of tin* ant imony-123 isoto|)e) ajid a charge of lo units 
(the atomic number of palladinin is ^jt)) are ejected (“evap¬ 
orate”) from tin* nucleus. We do not y(‘t know exactly 
how many i)arl ides are ejected in such a transformation and 
we are Jiot able to state* exactly what the i)article*s are*, but 
it is dear that there* are* very many e)f the*m and that tliej 
majority are jieutrevns. This ce)ndusion may be made on the 
basis e)f twe) argume*nts: 

1. The iKMiibardment. of nuclei l>y fast particles usually 
results in the emergence of many neutrons and a small jium- 
ber (1-2) of charged particles (protems e)r alpha particles). 
This is line to the fact that charged particles can leavea 
nucleus e)nly if they po.ssess consielerable one*rgy, while 
ne'utrons e'an leave* e*ven when the* e*nergy is small. 

2. The antimeJiiy nucleus in e|ue*stion lost a large mass 
(22 units) and a comj)aratively (jmlging from the juass) 
small charge. 

Idle formation of ane^the*r i.sotope of palladium with 
mass number 100 corre^s])onds to the eje'ction from the anti¬ 
mony eif particles with a total mass of 23 and a charge^ of o. 
The fe)rmat.ion of isot e)pes of silver-102, 103, 104, obviously 
ex curred as a result of ]>article?s wit h a total mass 21,20 and 
10 a net a charge e)f 4 leaving the nucleus of antime)ny-121. 
d’he formation e)f cadmium-lOo is due to the ejection of 
particles with a total ma.ss of 18 and a charge e)f 3. (lad- 
mium-107 was e)bviejusly formed in the ejection of partich^s 
having a total mass of 10 ami a charge of 3. A more definite 
conclusion concerning particles that are formed in such 
a transformation may be rnaile for t he isotof^e cadmiiim-llo. 
The transformation involving the formation of this i.sotope 
is as follow's: 
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'I'o summarize, then, when a dculeron (and also an alpha 
particle) ol enorf^y ul iJio order ol' 200 million eh'clron- 
volts enters a iiucUmis, it causes the (evaporation ol a lar^e 
number v)t’ yvarticles (the bulk are neulr(M(s), among which 
a few are cliarged. 

Th(i ai)|)earajice in such Iransforinal ions of several 
charg(?d i)articles has lu?en coiilirmed by direct observations. 
In studying tlie tracks of siicii high-energy deiiterons and 
alpha particles in the emulsions of photographic ]»lates, 
it has bi^en found that thc^y form stars that resemble the 
stars j)r()duced by cosmic rays. Then stars consist t)f sev¬ 
eral tracks of cliarged jiarticdes. For e.vainple, some of them 
have four and live tracks. It is highly probable that deu- 
terons and alpha particl(‘s possessing (‘nergi(‘s of a thousand 
million electron-volts are capalde of causing the complete 
disintegration (evajioration) of a nucleus. 



Chapter 

NK LEAR FJSSHHV 


Nriitroii (’jiptiiiT hy ITniiihim 

In this cliapU'r Iho iv.'uler will Jc'ani ahout a n-coiil dis- 
covery llial is iiiidouhUMlIy out* ol Hit* oiilslantliiif^ acliiovo- 
rnoiits oi‘ mankind. And as is ohi‘ii tlio caso, lliu search 
was lor one lliint^, J)nl somt.‘lhijig quilo difl’erent was 
discovejvil. The hegijiiiijig had to do wilh the nature of the 
so-called “Iraiisiiraiiiurn elements.” It is this. As follows 
from the I'acls detailed in Chapter \T1, it is possible to malxc 
the majority of the cJieinical elements radioaetive by 
Irradiation with n(‘nlrons. Jl tlii^ radioacti v(* tra ns! or illa¬ 
tion is arcompanit'd by tlie emission t»f an electron (beta 
decay), I lie result will be an el(*ment one unit iurther in 
the l*eriodic 'I’abh^ than tJie one irradiatt‘d. 

Tin*. M(*ndeley(*v IVriodic. Table consists of b2 eb*menls, 
wilh the last plactj occujiieil by uranium. And so Fermi 
decid(‘<l It) try irradiating uranium witb neulrons. He 
wanted lo s('i‘ wbel her [i new element would bi^ produced, 
OIK* that should occuj»y a plac(* alter uranium, that is cdc- 
menl Ao. '.)•!, which had not hith(*rlo b(*(*n ('iicounter(*d in 
nature. Such an element woubi it.^(*lf juobably In* radio¬ 
active, otherwise w(* would have* discovered it among tlio 
stable t*lenienls. 'The disintc*grat ion of its niich^i would prob¬ 
ably |»rovitl(’ Just as rich and inter(*st ing a picture of ijii- 
clc‘ar transformations .‘is do(\s the ratlioaclive d(‘cay of ura¬ 
nium nuclei. It is also po.^sibU‘ that as a rt‘sult of several 
transformations tJiere might be lorme<l an eh‘ment with 
a still larg(*r atomic number, for instance, IM. 

It might b(? that these transformations would di.sclose 
to us the propi*rties of eleim*nls hitln*rl() unknown on the 
earth and would lilt the veil from the* si*cret of the limit(*d 
number of clieniical elements; and maybe we would learn 



why it is that uranium is llit? last oloiiunjt. ol* lli(‘ y)ovio(lic 
svslcm. It was llicsc jiik‘n‘s| sjHTuJal ions that IimI iHM’iiii 
to subject uraJiiuin to neulron irradialion. 

I’Jio c?\|)eriiiK*iit was a success. Aller irradiation, Fermi 
I'ound that uraniiua eAhibited a iii'w ratlioactive railiation 
that had Ji(*vei* helore ])(*.i*n obsi*rve«l. d'his radiation con¬ 
sisted ol' a ratli(‘r corn|d(‘x set ol lad a rays. 

An analysis ol' the curve (d* diniinishijiy*- intensity of 
the new radiation was enouy»h to establish iJjc? presence of 
lour Jiall-Jives, naiiudy: :1() scH’oiids, 40 si^conds, Id miji- 
utes, and lijially, 00 luiniites. In atldilion lo I hesi^ lour half- 
lives, at least om^ more si ill longer half-life could In* surinisc‘d. 

We know v(‘ry well that the prt‘sence of each individual 
half-lile iii IIkj ra<liatio»i corresponds to Ihe presence of a 
deiinite radioaclive isotope in Ihe composition of the radi- 
atijig siihstance. It will l)e r(‘called lhat urajiium has only 
three isolopes; 

1^238:1; I ‘2S5:J: M281* 

yg'--' * fla''' f 93'^ 

The relative ahuinlajice of Ihe lalh‘r two isolopes is ex¬ 
tremely small. makes up 1:140 of and Ihe 

portion of yol '*** comes ti.> 1.17, ()()(). So Ihe prest‘nce, 
in the beta radiation of uranium suhj(*cte<I to iJi*utron bom¬ 
bardment, of live, or possibly more half-liv(‘s showerl at ojjco 
that we were dealiii.i^ with a complex |>lienomenon. And 
true enougli, it was no t‘asy Jiialter to disi*nlangle this piie- 
nomen(ui. Five y(*ars of work by the liiggest authorities 
on radioactivity was Jiece.ssary to clarify Ihe problem. 

Assuming lhat at least one of the observed lialf-lives 
belong.s to element No. IK), Fermi altem]>ted to identify 
it assuming that by virtue of the basic regularititvs of Ihe 
periodic system, eleiiient No. Ud is a chemical analogm^ of 
the elements of inangaiiese and rhcMiium, with which it 
should occupy the same vertical column in the table. Without 
dwelling on the details of the comph‘te and cornph^.v chem¬ 
ical procedure, we may note lhat from the data obtained 
it followed lhat not a single oiu^ of the elements, from 80 
to 92 inclusive, could be radioactive with a half-life from 
Id to 90 minutes. The only thing hdt to assuim*, and this 
Fermi did, was that the beta radiation he had discovered 
came from an element witli an atomic number 9d or more. 
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This was j»ro«hu*o(l by the beta decay of iiraTiium 

i]])()ii tlie capliin^ of a neutron. 

1'his discovery provoked a Ireniendous interesi among 
scientists. Many of tlnmi questioned the ujiiqueness of 
Fermi’s conclusions. Iji their opijiioji, the chemical manip¬ 
ulations he had performed allowed lor another interpreta¬ 
tion. It was sooji demojistrated experimentally that protac- 
liniuni possess(‘s chemical properties similar to those found 
by Fermi for a l.S-miiiute activity. Fermi’s conclusions 
began to seem doubtful. 'J'hiis arose the problem of the 
“transuranium elements'’(that is, elements that follow ura- 
nuim ill the periodic system) that attracted the attention 
of many investigators. 

An Iii\estigati4>ii of the Nature of the Transuranium 

Kleiiieiits 

After a detaih‘d study of the transuranium elements, 
Hahn, Minlner and Strassmann soon becarnt* convinceil 
that the probh'in was much mort* com|)licated than was at 
first sup])os(Ml by Fermi. Tin* curve of intensity attenuation 
of radioactive radiation ajjjieared dillerent at dilTerent times 
of observation. The im|)ression was that certain radioactive 
substances arise not during the irradiation but some time 
afterwards. If this proved correct, it would m(*an tliat the 
new substances are formed not during neutron irratliation 
of uranium but lat(*r, as a result of radioactive transforma¬ 
tions, and therefore that there is a chain of radioactive 
transformations. 

The thorough analysis of the intensity-attenuation curve 
of radioactive radiation carried out by Hahn, Meitner and 
Strassmaiui confirmed this assumption, and th(j outcome 
of a long series of investigations was the following schemes 
of transformations involving uranium subjected to neutron 
irradia tion: 

1- sc«-.)--,J0kalio*(2.2 min.)-- 

mill.)—qsKh'** lr*(()() hr.)—► 

—^ Ft * {Ah hr.) - > Au (nonradinactive), 

2- 92 ^^ ' o''* ■ ^ —► grjEJ^a Re*(1() min.)—^ 

—> j,,Kka Os*(r).7 Jir.)—> ggEka Ir (nonradioactive), 

2* 92 ^+ 0 '**—*^ 92 ^* (23 mill.) —♦ gjEka Re (iionradioactive). 
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Ill llie schoinos (losrribijifr ihc Irarisformalionf? of ura- 
iiiuiiiy 11 aim tUnl Stiasstnaim su^^i‘sIcm1 lh<‘ sviu- 

bols of Uio ihcoi unknown oleniimls which i^houhl ocVupy 
places following uranium in Uie Periodic TahU*, hy \ho 
prefix Eka (which means "following’). Thus they sui^gesled 
calling (dement No. IB (dva-rlnmiuin Eka Ki! (which im^ans 
following rhenium in the vertical column of the IViixIic 
lahle); element 1)4, eka-osmium (Eka Os); elemeiil .\o. 
95, eka-iridium (Eka Ir), etc. Enclosed in parentheses to 
the right of thesyinhol of the element is the value of the hall- 
life of the given radioactive i.sotopi^s. 

As may he seen Irom the accompanying sclimnes, uranium 
irradiated by neutrons is involved in an amazing chain of 
successive radioacf ive tran.sformations. The initia 1 mem¬ 
bers of this chain wilh half-lives of 10 sih*. and 40 sec. 
were firmly eslablished by direct chemical means after long 
and painslaking elTorls. The 2.2-min. half life ])roved to 
be a daughter of 10 *s(hj. activity. TIkj 10-inin. half life 
was the daughter of 40-sec. acl ivity. Hy varying the neutron 
irradiation time of urajiium one could prove conclusively 
the connection liotween timse half-livc's. A similar relation 
has been established for the lollowing si.u*lions of these 
radioactive branches. 

Suhsecpierit stu<lies of the cliemical properties of radio¬ 
active substances having lli(‘ hall-lives indicated in these 
schemi^s seemed to coiilirm tln^ mutual connection betwc'en 
the half-lives that had heen found. The only thing to point 
out is that the half-lives of 13 and 90 minules found hy 
Fermi have been rejilaced by more exact values, which 
according to Meitner are 10 and 59 minutes res])cctively. 
Besides, a large number of half-lives were discovered that 
Fermi had not noticed, (‘.specially those of longer duration. 
Their total reached nims ajid the highest atomic number of 
the newly discovered Iransuraniiim elemenls readied 97. 

In the transformation schorae of tlie transuranium (vle- 
inenls proposed hy Hahn, Meitner and Strassmanii, there 
are thr(>e parallel series of radioactive transformations. 
But why three? C’ould it he that they correspond to three 
different isotopes of the initial uranium jirodiict? Maybe 
one seri(\s is formed hy nraTiium-238, the other by iiraiiiuni- 
235, and the third by uranium-234. But intensity measurc- 
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inrJils ol* llic' nuli.it ions (Tnl nnl ;ilI ribiil the 

<Ii'U'cUmI cs Io I Ik* Viiir nji I jill I 

inori* St) It) llK‘y.,l is!»li)|n‘. AimI so oik* IkiiI Io (‘oM('lu<iK 
tJial all I Ik* iori*^K)i]ii»; I raiislornial ion si*ries involve I Ik* 
siii^Hc* isoU)|K* ol'iiraniiiiii. 'Fhis circmiislaiicu was 

quili* iialurally lK‘\viltl(*iinn;. Allln)n^Ii the (’onnccLion be*- 
Iwi'Kii I Ik* (liIV(‘i(‘nl radioacl ivc'protlncls Uial aj)|K*ar and docay 
alU‘r iirntron irradiation ot nraninin was iirinly c*s(ab 
lislu*d, ami allbon^h it s(*(*nK*tl that tin* (‘xphuial ion gi v(*n by 
Hahn ami MoiliK*r was I Ik* only om* possible*, I Imre* still 
arose* many pii/zling (|iK*stions, as lor instance*: 

1.11 it is true that all ol I he t*stablish(‘d danghlor |)r()tlncts 
original(‘tl Irom the isotope th(‘n the trajisiiraninm 

elements slnndd posse‘ss isomeric state-s. It seemed strange*, 
that Ihi'ee isomeric stat(‘s are rt»rjn(‘tl at once. 

2 . It was not cbvn* what the natnre of snch isomerism 
could he*. 

2 . Why is it that the* caplnn* of one JK*utron l)y uranium 
cri*ales such a high th*g‘r(*e of instability that as many as 
li\e beta tiecays are n*tjuire*tl tt> ol>taina slabli^ productV Ami 
is this protiuct imiee'd stable? It si t'inetl very sl ranges that- 
elemeids with an atomic niimb(*r of b.’) or H? couhl be* stable. 

Tlie IMsceivt^rj liitre-KsirUi l"l<*iiieiits Among 1li<^ Decaiy 
IVodiicis rniniiiiii 

Soon new (j nest ions W(*re adtietl to the* above* three*. 

While* i n\e*sl igiit ing, by me*ans of llie* fillraUon me*! h- 
e)d, the? half-live*s t)f the* ratlit)acl i vt* ilisintegralions t)f ura¬ 
nium irra<liale*il by m*ut rons, Joliol (airie* ami Savilcli femnd, 
in adtlitit)!! tt> the* half-Jive*s of ‘IO .‘^e'c., 2.2 min. and 1() ruin, 
nejted e*arlie*r in the* work t)f Hahn, Meitner and Skrassmann, 
a new pe*rio«l e)f 2..") hr. An iivesligalie)n e)f its chemiie'.al prop¬ 
erties .she)we*j| them that the? be^arer of this activity is an 
anale)gui* of the rare‘-e*arlh laiilhanum. And so they surmised 
that llie radie)active isole)pe of aclijiiurn (the aiiale)guo of 
lajiHiajium) is the unknowJi railieiactlve emitter of 2.5 
hr.-half life*. Howe*ve*r, the*y se)on noticed aji cxcceelingly 
strange* thijig. The 2.5-hour subslanee ce)uld be separated 
chemically fre)m act iniinn, but we)uld not be separated from 
lanthanum. From these facts it folle)wed that the 3. 5-hour 
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rfnlioaci iVO producl, is iioL an isolopo of acliniurn, as was 
orij^^in^llly suj»|j:os1o(I liy .h)liol-( inrio and SaviUdi, hut 
ralhor an isolop(‘ ol laid haniiin. .1 oiio-t inrio and Savitofi 
acliially discov(‘rod I Ik* lission of nraitiiitn hul. iJjoy diil 
iiol ^Tasp I Ik* l.riio si^ni fioanot; of l lioir disoovory. 

Hahn and Slrassinami r(‘poa(od Iho work of .loliol. Curio 
and Savilch sli^lilly o\U‘ndin^r | Ik* pro^raniiuo of iiivosli- 
Rations. Ainon^ Iho decay products of uranium I hi^y sought 
not only for aiialogiK's of lanlhannin, hut also for radio¬ 
active suhslaijci's that are analogues of hariuni. 'They suc- 
c(*(*dod in ostahlishiiig I ho fact I hat throe radioactive siib- 
slancos hohavo like hariurn: one with a haJf'lifo of 2omiji., 
a S('C(ukI willi a hall life of 110 min., and a third with an 
inaccuratoly nioasured hall life of si‘voral days. Those 
initial suhslanct's gave risi* to dangiilor snl>staucos lhal wore 
also ladioaci i VO. ClK‘mically, I hose daughU*!* juMducts h(^- 
havod siniilarily lo laidliannin (which in Iho Periodic Table 
follows barium). Just as Joliot-Curio aial Savitch, Hahn 
and Slrassinaim at iirst Ihought thal they wore observ¬ 
ing only the analogues of barium and laidlianum, and that 
in fact the radioaclivo isotopi's of radium and acliu- 

ium j„jAc (in Iho IV'iiodic Talde radium is loc-alod in Hie 
saiiK* vortical column as barium, wliih* actinium is located 
with lanthanum, tlK‘roforo Iho chemical propmdios of radium 
and barium, and also lanlhaniim and actinium are similar) 
were railioaclive emitl ers. llowevc*!*, I hey too won* soon 
convinced that the radioactive* (‘millers formed inthetrans- 
formalion of uranium dilTor in their behaviour from radium 
and actinium. On tin* other hainl, it was impossible, chemi¬ 
cally, to distinguish tliom from the el(?m(*jd.s of liarium and 
lanthanum. 

In their paper, Halm and Stra.ssmann wrote as follows: 

“As chemists we are conslrained to state delinitely that 
the now subslancos (I hat is, the products of uoutron capture 
by uranium) behave not as radium but as barium.” Such 
was the UTiexp(*cted result of the “hunt” for transuranium 
elements. 

And now to the earlier menlioned unsolved problems w’o 
may add a new one. 

4. How is it |)ossihle that the radioactivi* isolopes of the 
stable elements of barium and lanthanum, whidi, as wo 
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know, aic* in llio niiihllc ol llio roriodic 1’able ancJ not at 
Mu* i‘inl, < ould Ijelornu'd as a result ol Uic beta translorma- 
lions ol n 


Tlie Fission of rrsuiiiini 

Lise Meilner was Mie fiisl lo itnra\el Ibis problem. She 
assiinied I hat the t ra nsl orinai i on ol uraniiirn wdiicli lias 
ea|)tured a neutron does lud juoeeed in the mfiuner ol ordi¬ 
nary radioaclive suhstanees. This t ransroriuation is not 
eounecl(‘d with tlie ejeetioi liauii the excited nucleus(dtlier 
ol liela j)arti( h*s or alpha policies. 'I'he absence ol tlie latter 
in the t lansi oriiial i on ol uraniiiiu was jnoved by control 
experinu'iit s. .\ccordi n^ t o Al(‘iI ner, an excited iiraiiiuin iin- 
chais pro»lu<a‘d by tin* pen(‘l rat i on inU) it ol a luaitron sjilits 
into Iwt) lighter mn lei; ift the act. the charge aful mass 
of the inirlcas .split into tiro nearhj equal hnlrrs. The barium 
and lanthanuin deteciiul by liahn anil St rassinann are two 
such Ira.iifiiu*nls ol uranium. 

'riie hypothesis ol the tlivision oF a uianium niichnis 
into two Iraginents was a peculiar .solution lo the firobleni 
ot the transuranium ideineiits. The analogues ol rluniium, 
osmiuni, iridium and other ehinents (idva-rheniuin, eka- 
osrniuni, eka-iridiuni) art* by no means (dements heavier 
than uranium. Actually, the.se tdements proved to be ttechne¬ 
tium (element No. A\\. an analogue ot rhenium that comes 
bertjn* and not after rhenium in Iht^ Periodic 1'able), ru¬ 
thenium (element No. an analogut* of osmium, which 
Comes before i)smium in the Periodic d’alile), rhodium (ele¬ 
ment No. an analogue ol iridium), that is, elements 

that are nearly half as lioavy as uranium. Apparc'ut.ly, the 
group of uranium fragments is comjiosed of the radioactive 
isotojies of just t lie.^^e elements. 

.A little lurther on we shall di.scu.ss in rnort* del ail what 
is formed in the lission of uraiiiu.m. For the present whj shall 
focus the attention of the readi*!* on the cau.st*s that lead to 
tin* lission of uranium nuch*i. 

Let us r(‘turn to our analogy with the charged li(pjid- 
drop. Tt is known that a drop retains its sha])e by thotorces 
of surface t(*n.sion. A charge communicated to the drop 
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results in repulsive forces developing between I bo dilToront 
parts ol tlie droj) llint have the same charge. If this charge is 
large enough, tlie forces of rej)uIsioii bel\ve(Mi the two juirts 
of the drop will he so great that the surface tensioji will 
no longer be able to counteract them and the drop will 
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Fi^. 50, How a nuclear drop divides. 


break into two parts. Fig. 50 illustrates the division of 
a liquid drop. First it elongates forming a waist, and then 
the drop separates into two parts. 

Something very similar happens to a heavy nucleus. 
As the charge of the nucleus increases, the action of the 
electrical forces of repulsion begins to dominate over the 
action of the attractive forces. The nucleus becomes un¬ 
stable and breaks into two parts. Estimates show that whou 
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Z is ^roalor than 100, tho i*(‘|)iilsivo lorcTs will boj^in l.o ovor- 
powcM’ tlio allrarlivi* l<ir(*c‘.s. 

Nuclear Jissioii may occur even wit h a smaller Z il' I lu^ 
luicleiis is excileil, that is, il we (mkIow it with additional 
enerj^v- i each <»!' t li(‘ Ira^menis that arc* IoijikmI in the 
fission ol an iinstalih* nnchais, the altractivi' lorces will 
now ht‘ i>reat(*r than t h(' lorces ol rejmlsion and the (Miei^^y 
ol' t li(‘ system will h(‘ much loss than what it was ori^ijially. 
"J’heri'rt)re, il is to he expectt‘d that a tremiMidous amount 
ol enerf^y will lie jeleased in the lornialioii ol two Irajj;jnejits. 

'^riie t heory of nuclear fission was d(‘V(*lo|»e«l hy V. 1. Frtm- 
Iv'el, aji<l Ilolir and \VlieeU‘r. 


Clieiiiicnl Eieiiieiits with Atoiiiic Niiiiibers Above 

As soon as the hy|»olhesis ol jinch‘ar fission was an¬ 
nounced, a l('V(‘r of work he^an in the physics lahorat.ories. 
An indication of the intensity ol' this work is that ov(t one 
hundrcMl scieiitilic ])apers (h^voled to nuch'ar fission were 
puhlished in h'ss than a year. Su<‘h intensive invest igat ions 
had m*ver Jxdore heeii conductiMl in any hranch ol physics. 
Within a short period (»!' lime, a study was nja«lt‘ ol the 
basic teal ur(!s of nuch'ar lission, an<i I hi* (*xl raordinary sig- 
nificanci* ol this discovery h(*carn(^ a|)|iarent. I>ut let us 
first finish with tin* <|uestioN ol what is formed as a i*(*sull, 
of the capt nri* ol a neulnui h\ urajiium. 

We ha\e alreaily ri'lated that hariiim am! laidlianiim are 
found among the elements lorrned in I lie fission of iiranium. 
Soon railioactive yttrium and strontium were found among 
the fragments. In the immediati* vicinity of uranium the air 
xvas found to contain the radioactive isolopi*s of krypton 
and xenon. Subsequently, isotopes of bromiii(\ rubidium, 
molybdenum, antimony, tellurium, iodine, cesium and 
other elements were lomid, 

A big piece ol wo’lx was done by V, (1. Klilo|)iji and his 
pu])ils ill esi ablislii iig the nature of I hi^ Iragmi'iits. All 
these fragments turned out to he isoliqies of elements in 
the middle of the l\?riodic 1’ahle. Inleri'sl in these eleiriejits 
was (piite nat ural if we h(*ar in mind I hi* nuchrar fission 
hypot hesis. Hut w'e would like* to give an answer to the (jucs- 
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ti on which wt^ p()s:*(i al I he very he^i lining and which nat¬ 
urally arises in the mind ol the reader: IJo those trans¬ 
uranium eleinenls really exist alter all? 

The discovery ol’ fission showed (he original explanation 
of the results of neul ron irra<liatl()n oi uranium to be incorrect. 
The elements bernwcMl at first to be trajisuraiiiiim elements 
were in iact sound.hing else, yet lliis was not proof that 
transuranium eli‘m(‘nts do jiot exisl. Subseejuent studi(‘s 
showed that such (deirn'iits do exist. IvUnneJit No. 93 is 
really produce l in lln^ bombanimeni of nrajiinm by neutrons. 
It is formed in the beta d(‘cay of nraniuni-23Vl with a half- 
life of 2.3 <lays. (loiisequeiit ly, the mass number of this 
isotojK? of ehnrienf. No. 93 is 239. 

An inU‘resting (‘xperiment confirming the formal i on of 
elerneni No. 93 is described on page 318. JCIeinent No. 93 was 
calleil neptunium alter I he nann* of I he planet Neptune 
whicJi is ne.xl lari best Irnni I he sun alter fraiius. 

Another isolojie of neptunium n,Np"'’^(Np is I he chem¬ 
ical symbol of n(‘pluniuin) was discoven'd in 1!Ki2. Nep- 
lunium-237 decays wilh I In* (unission of ai))ha f)firlicles. 
gj.Np"*’ has a half-iifi‘ of 2.2 JO''’ y(*ars. At present, the 

known isolo|K‘s of Jiepluninm are Ihose wilh mass numbers 
of 231, and 233 llirough 239. Th(\v are all radif)acl ive. The 
longt'st liv(‘d isolope of neplunium (juass number 237) 
is I In; rejiresenlal i ve of element .No. 93 in I be f\M*iodi(‘ Table. 

The next eleuKuil after neptunium, element No. 9'j, was 
discoM'i't'd at tin' end ol 19'10. An isolopt* of Ibis (dement 
with a Tria.*^s number of 238 was produced in the radioactive 
decay of nepi uniuiii-238, which ('mils beta rays and has a 
hall-lib' of 2.0 days. Klement No. 9^j was called plutonium 
after I lie name of tin' plaiu'l next after Neptune. 

Tin; ino.st important isotope of plutonium (clnnnical sym¬ 
bol Fu) is ,,, 1 * 11 “®’*, which is formed from 90 by beta 
decay. g^Pu®®® has a half-life of 23,()00 Y('ars and decays 
by the emission of alpha jairticU's. 

JI(;si<)('S th('S(^ isotoju's, plulojiium lias isotopes of mass 
numbers 232, 23-'i through 2.37, 2A\ and 2''i2. Many of t.hes (5 
isotopes have rath(*r long half-lives, as, for instance, that 
of ]dutonium 2''i() with ti,r»80 years. Phil()nium-238 has a 
half Pile of 89 y(*ars, pint(miuin-2''i1 a half-life of lO 
years, while the half-liie of plutonium-23(3 is 2.7 years. 



Pliil.oijium-242 has Lho longest half-life, approximately one 
million years. Heiug the Jongest-liveil isotope, plutonium- 
242 is the representative of element I\o. tl4. Plutoiiiiim-242 
decays wilh the emission of an alpha particle and converts 
irit o iirani line228. 

Ne|)tnninin and pluloninm are not, the only elements 
wilh atomic niimhers greater than uranium. 'The bombard¬ 
ment of uranium and pliitojiiuin with high-energy alt)ha 
particles (up to 40 million electron-volts) accel(‘rated in 
a cyclotron revealed elements with the atomic numbers 
of 95 and 90 calleil respectiv<dy americium (chemical sym¬ 
bol Am) and (‘111111111 ((Ini). riiese (deineuts have already be(m 
found to have several is(jlopes, for e.vaniple, aiiKU'icium has 
tiight (g^Am^*', g,Am“"^ ,,Anr*“, „,Am“*', „j.Anr^% 

„Anr^*, „,.Am"^'j, curium .seven (^^Cm""®, 

!m"'*‘\ g^Cnr*\ ^/hn''^). And among I hc'se isotop(*s 
there are soiiK* relatively long-livtMl ones. 

Thus, the isotope americium 2'il has a half~lifi‘ of 490 
years, while americiiim-243 has a hall life clo.se to 7,000 
years. 'I'his is t he longest-lived isot opes of americiiiin. 

The isotope curium-243 has a lialf-iifi‘ of 35 years, the 
half-life ol curiuijj-244 is 19 years, wliile that of curiuin-245 


is 20,000 years. 

The radioactive isotope's of elements wilh atomic num¬ 
bers 97 ami 98 were obtained in 1950. These (dionenls wtu-e 
named lK*rkidium (with its clnunical symbol Jlk) ajid cali- 
lornium ((If), llerkelium is at jireseiil known to liave three 
isotopes; khe lialf-lile of 

is approximate!V one v('ar. (lalifornium has still more 
isotopes; „CF-, 

(lalilorniuiii-249 has a hall-lile approximately 
equal to 500 years. 

All the t rausuraiiium elements are produced by Ixmihard- 
meiit (with neutrons or alpha particles) first (if uranium, 
then of pluLoniiiin, americium, curium, herkelium and cali- 
fcirnium. Sncli homhardments have already yielded i.S(3toj)es 
of clement Wo. 99 |which was named einsteinium (E) in 
honour of A. Einstein 1 with mass numbers 252, 253, 254 
ami 255.1'he existence of an element wilh an atomic number 
of 100 has been established lleriniiim (Fm) in honour of 
E. Fermi 1. This clomeiit has isotopes witli mass numbers 
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2r)4, 2r>r), 2rj(). in li?,'}."), Sonhorg mid co workers announced 
I lie producl ion ol a radioat l iv(‘ isoluju* ol element iVo. 101 
with a mass miinlxM* ol 25t). 'I'his isolope was olilained by 
l)onil»ardin^ an isotoja* ol element \o. 00 (mass number 
2o3) with alpha jiarlicles. For eleinenl :\o. 101, Seaborg 
su<>'^(‘sted lb(‘ naiJK' “meinUdevium” (Mv) in honour ol’ I lie 
ilist i ni»nisb(Ml Unssian scientist I). J. \lendeli‘yev. 

In 10.')7 a ^roup ol Swedish and American scientists 
announced I he discovery ol an isotope* ol element No. 102— 
“Nobelium” (No). 

It is inl(u‘(‘st in^- to note lhal I he new I ransiiraniurn ele¬ 
ments lorrn a ^roup similar to t he f>i()Uj) ol' rare eart hs. Tlie 
firs! element ol' iJiis uroap is actinium, and lor this reason 
the group ol transnraninm eli*ments (logellii*r with thorium 
and uranium) received t he name ol “act inidi‘s.” 

Tiie idiuililied transuranium (‘liunents provi'd to h(* iin- 
slahle, as om* could Inne (‘.vfiecled, tin* (l(‘ca\ torming a 
series ol radioactive t ranslorniations analogous to the 
t ransiormations in the serii's ot the* naturally radioact.i 
el(*inents. It is noti'wortliy that tin* transuranium elements 
lorm a n(‘w radioactive I'amily ol the type 4// ;-l. What 
does this meanV 

Earlier, attention was drawn to the fact that among 
the naturally radioactive elements there were isotopes 
whose ma.ss numbers are divisible? by 4, that is, may ho 
re]ire.senl(?d by the lormula /t_^4//. Such, lor example, are 
the riiiTuhers of the thorium series. The isotofH?s of the 
uranium series have slightly dilTi*n*nt mass nuiniiers, nanudy: 
tln.dr mass number .1 is expressed by the formula A -~.An :-2, 
where n is an integer (for example, for //—oil, 

for //—rib). The isotopes of the actinium series 

hav(? ma.ss numbers expressed by the formula A —4//I 
wh(‘re 11 is iiil(‘g('r. Scienlists had lo*»g since been wondering 
at, the lack of such isotopes among the nalurally radioactive 
types whose mass number could he expr(*ssed by the formul"* 
A -An-\~\, and now it w\‘is found that such isotojies ex' t 
among the transuranium elements. Table \TI gives a scheni;' 
of the radioactive series ^t — 4// + ! called the neptunium 
series. 

It. is iiiler(*sting to note that this series has several parents, 
not one. Thus, y^Pn”"** forms the foregoing radioactive 
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^atf/oacA’^e fftpAuniam 

series (rypBA-4n* fi 










sorirs; which is ohl.fruK^il Iroju !)>' Ili(‘ iTac- 

t ion (/i, 2//), that is, a iiuck*ai* road ion in which a noiilron 
C'nlers a lindens of uranium and knocks ouL iwo iionlroiis, 
may also ho coiisid(M*od as I Ik? ]»aronl ol* this lainily (series). 
Thorium caji I he initial ])ro(hict lor the Iorinatioii ol 
this series. Niailron irra«liati(»n ol thorium produces I he 
radioactive isotope y^Th®”, whicii is a beta emitter. Alt¬ 
er two successive liela (‘missions we j^et which 

is a member of I h(‘ lu'pinnium s(‘ries. (']uriuin-2-'il, calilor- 
niuin'2''jtt, and herkt'li 11111 - 2^10 may hi* considered parents of 
t his family or series, '.riu? rcmiarkalde I hi 11 ^^ in t he radioactive 
s(‘ries of u(‘ptunium, sliown in Table VII, is the presenci* in 
it of side J»ranclK*s. I hus, for example, in addition to the 
main hrancli 
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th(*re exists anolh(‘r branch 
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The fad that in tin* radioactive seri(‘s of neiduniiim 
I hen? an* no elemt'ids with such lon^‘ half-liv(‘S as uranium 
and lliorium liave (‘xplains why they are not oliservediii 
nature. 

The inv(‘Sl igal ion of t tie transuranium elements maile it 
possible not. only to discover the (*\istenci? ol a ni‘\v radio¬ 
active nept unium s(?ries; it great ly i*xtended our knowledge 
of tlie radioactivi' series A • 2, and A 

It turned out that the natural radioactive s(*ries shown in 
Tables 1-11 l([>p. 52-54) are only parts of the corriisponding 
radioactive series, xviiich are really much rich(‘r and have 
a large numl)(*r of jiarents (just like the neptunium series) 
and many side hranchc's. A complete picture of th(? radio¬ 
active isotojies that maki* u]» the thorium, uranium ami 
actinium seric's, and their mutual tran.sformations are giv(vri 
in Tahl(‘s VI11, IX, and X. Properly spi‘aking, they can no 
longer 1)0 called series of uranium and actinium, because 
the transformations begin with larger atomic numbers 
(borkelium, californium and einsteinium). As may be se?ri 
trom these tabl(?s, the radioactive famiru‘S have become so 
numerous and with so many branches that the pictuivsquc 
exprcjssion “radioactive family” and all the more so ‘Tadio- 







active series” are no longer applicable, it would seem more 
appropriate to use the phrases “radioactive clan” or “ra- 
dioaclive race.” This is why we called I’ablo VI11 “Radio- 
aclive KlemiMils ol the Type A and 'J'heir Interrela¬ 
tionships.” The captions to Tables JX and X are similar. 

In these tables we see exani|)les ol' very interesting 
l)raiiches. Thus, lor example, (Tabic IX) decays in 

two difleroiil ways: sojne nuclei decay by emission of an 
alpha particle and convert into an isotope of uraniuni-230, 
wliile the others, by means ol' /iT-capture, transl'orm into 
the isotope jie|)tuiduin-234. Roth nuclei, 95 ^“*” and 98 ^^p**^, 
iijulergo many diverse traJisl’orrnations which ultimately 
lead to a single (demeJil Here are the trans¬ 

formations tJiat corri'spond to this long branch: 
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,Ra^*^C'; 


Ihe otlier branch of Iransformatious is still more complex: 




,Np-- 

Ra«*M- 




,Ra‘^^C-^,,Ra^*^C'. 


Nuclear Fragments anid llielr Energy 

The appearance among the transformation products of 
uranium, of isotopes ol bromijie, krvjiton, barium and lan¬ 
thanum was an indication that uranium liatl split into two 
I»arts. Nearly all the elements of the middle part of the Pe¬ 
riodic 'fable have been tound among the fragment..s of ura¬ 
nium fission. It is curious to note that among these isotopes 
there ani some wdiose mass numbers are much higher than 
the mass numbers of stable isotojies. Thus, for example, 
the hiiaviest stable isotope of tellurium has a mass number 
of 130, whereas tellurium isotopes of mass numbers 131, 
132, 133, 134 and 13f) have been louiid among the fragments. 
The stable isotope of iodine has a mass numher of 127, 
whereas iodine isotopes with mass numbers from 129 through 
137 are found among the lission fragments. Such heavy 
isotopes cannot be formed by the transformation of stable 
nuclei, and if there were no iiuclvar fission we would not 
be able to ieani about the properties of such nuclei. 




Oi course, not all fragraeiils occur with llie same tre- 
queiicy. Fig. 51 shows a curve describing the probability ol 
fission ol a nucleus ol uraiiiuin-23.) inlo dillerent Iragments. 
Here, the percentage contciil. (on a logarithmic scale) ol 
the Iragments is shown as a I'ujictiou ol’ the mass numbers 
ol th(5 Iragmejjls. 

This curvt' shows that among the Iragments tlicrc arc 
isotopes with mass numbers ranging from 72 to 1(K). The 
most Irequently encountered fragments ol the fission of 
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iiranium-23r) aro those ol* mass number 90 tliroiigh 100 and 
ironi l/io to 145. The ciirvo in Fig. 51 permits dividing the 
Iraginents into two groups: “light Iragments’' and “heavy 
IragiiKuits.’’ A ruriinis tact is that tragmenls with mass 
numbers 1J() tlirougli 120 are rarely (‘iic.ountered. Such 
iragiiKMits comprise a minimum in tln^ curve in Fig. 51. 
This means I hat urunium-2.‘b5 e\C(.M*dingly rarely splits 
into 1 wo (M|ual parts. The probability ot such lis.sion is ot 
Ihe order ol 10“^. l:ranium-2o5 usually fissions ijito two 
ujK*i|nal Iragmenls—one heavy Iragment and one light one. 

ddie brealv-up ot uranium into two Iragments is the most 
tre(|uently encountered fi.ssioji process, llowi^ver, cases 
have bi'ini rtTorded ot uranium splitting ijito three frag¬ 
ments, and som(‘times even tour Iragnuuits. 

We pointed oul (‘arlier that the fragments |)roducod in 
uranium lission nuist [lossess a high miiMgy. l>ut how great 
is til is energy and liow is one to measure ilV 

Olivionsly, it the Iragments have a large energy, then 
des|)iL(^ their considerahle mass they will have a high ini¬ 
tial SjieiHl and, conse(|uently, will b(i able to cover a per- 
ceptible distance in air. In its moiion (he fragment will 
iojiize tens of limes rnori' heavily than an alpha particle. 

Joliol-Curie, rermi and a number ot other investigators 
had already 1‘ouml that the Iragments jiroiluced during 
li.ssion can traverse a considerahle distance in matter. 
Joliol-Chirie iliscovered this in the following way. He col- 
lecteil tragmenls emerging from uranium into a bakelitc 
plate locateil close to the uranium, riie method used by 
Joliot to deteriniiie wlietJier uranium lission fragments 
impinged on the plate was to examine the radioactive trans¬ 
formations of the fragments that had got stuck in the plate. 
'Fhe iionradioactiv^e [date very soon became radioactive 
when it was brought close to the uranium. 

The fact tiial fragments have a considerable range may 
he observed iji cloiKl-chamher jiictures. Fig. XL in the Ap¬ 
pendix shows such a [ihotograph wliich clearly exhibits 
the tracks of fragments produced in the fission of uranium. 
To obtain this jdiotograidi, a large grid with a thin film 
containing uranium oxide was placed aross the chamber ajid 
then irradiated with iicutrojis. Uranium fission was pro¬ 
duced as a result of irradiation. The Iragments produced 
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formod two long tracks which arc clearly visible on the 
righuhaiid side ol the plioLograph. Tlic large number of 
other, shorter tracks lliat are seen in this picLure originated 
in the collisions ol nmlrons with atoms (more correclly, 
wit h the nuclei) ol hydrogen, which is a constil ii(*nt ol the 
vapours that till the cloud chamher. 

Whih' ohser\iug tin- Iragiiumts lliat impinge on the plate, 
Joliot-Curie noticed tiial they hit Uie plate even when the 
latter is not directly on the uranium, hut at a certain dis¬ 
tance Irom it, or il a thin cellophane toil is placed between 
the plate and the uranium. 

This enabled a very interesting ex|)ei‘imejil to he per¬ 
formed. Ijideed, it Iragments are capable of traversinga 
certain layer ol mailer, then by taking a layer ot uranium 
so thin that all the tragmenls produced leave it, wo will 
no longer delect in il, alter horn hard ment, radioactivity 
created i>> tragmenls. The radioaclivily of such a layer 
xvill he due only to lliose siihstaiicos thal are produced w-itli- 
out the lission of nraninm, that is, by neulron caj)ture 
it the uranium is irradiated by slow' neutrons. (Consequently, 
this will result in nra]iinm"23t) and its decay products, that 
is, tli(^ transuranium elements. 1'his (experiment confirmed 
the formal ion of iirajrnuii-23b and its subsequent decay 
prcjducts 

Joliol/s e\])eriments showed that fragments are capable 
ol travelling uj> lo 2.1 cm. in air and lliat, consequently, 
they fiossess consideraldc energy. An important problem 
an).^e, that of measuring the energy of the fragments. The 
cliief dillicnlly was lliat uranium itself is radioactive and 
emits aljdia rays. Idie fragments likewise undergo radio¬ 
active transformations. Each such tran.sformati(m produces 
beta particle.s of high energy. Jt was no easy matter to 
extricaU^ oneself from this maze of dilficulti(^s and to find 
a rcdiable way of .siqiarating the fragments from other rays 
that appcNir in lh(> Iransforination ol uranium. 

But th(^ way was found. Use was made of the fact that 
fragments whose (‘liarge reach(?s 20 units ionize far more 
copiously than do electrons and alfdia rays. A tiny ioniza¬ 
tion chamber coniiecied wdlh a powTrfnl amplifier that per¬ 
mitted (lir(‘cl, measurement of the ionization current pro¬ 
duced ill I he chamher by an entrant particle was designed. 
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Hy tuning the am])lifi(‘r to various degrees of amplincntion, 
it was possible to achieve a situation in which the unit as 
a whole did jiot respond when an alpha ])arlicle (to say 
nothing, ol' course, ot the action ol' (d(‘ctrojis) enl<.*red the 
ionization chaml)er. However, when a particle^ entered the 
ionization chamber i)roducing ionizatioji many times 
greater than that ol' alpha particles, the ionizat.ioji current 
was amplified to an easily discmriihle magnitude. 

Measurements carried out with I his apj)aral us showed 
that when uranium was placed alongsidt* such an ionization 
chamber, neutron irradiation ol* the uranium |)roducerl cur¬ 
rent pulses that corresponded to the (*nlranc(* iulo tln^ ioiii- 
zatiori chamber ol' a strongly ionizing parlich*. The magni¬ 
tude ol' the pulses indicated that the ionizing capacily of the 
I'lagmenls w^as tens of times greater than that of alpha par¬ 
ticles. This is the ro^ason wiiy it was |)ossil)le to ri*gisler 
nuclear fragmejits on tin* background of al|)ha and lada |)ar- 
ticles. If the amplifier, which amplifies the current in 
the ionization chamber, is made proportional, that is, such 
that the ()ijl[)ut current is ju'oportional to the current in 
the ionization chamber, and, besides, if the size of the 
ionization chamber is such that a fragmejit in it can 1)0 com¬ 
pletely decelerated, then it is possible to delenuim' the 
energy of the fragment. Indeed, by detc‘rmijiing t he current 
intensity at the output of the amplijier and kjiowing the 
amplification factor, we can ascertain the current inten¬ 
sity ill the ionization chamber, riie latter is d(^teriuined 
from the number of ions which Ihv fragmemt produces over 
its range. Kriowdiig the number of ions and also the fact that 
the production of one ion j»air requires an energy of 
clcctroii-volts, it is easy to calculate the energy of the 
fragment. 

Careful measurements show that the energy of a frag¬ 
ment is tremendous even by nuclear standards. The energy 
of dilleroiit fragments proved slightly different, but still 
of the order of several tens of millions of elect ron volts, 
with some fragments having a hundred million ehudron- 
volts. This figure seems still more spectacular wIkmi we ri'call 
that ill the fission of uranium two fragments are produced 
and that each of these fragments is radioactive and uialer- 
goes a whole series of radioactive transformations. During 
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these Iransformalioiis, a coiisiilerable energy equal t o sever¬ 
al tens ol mil I ions ol eloi lroii-volt s is releasiMl. 

Below we give an approximate energy balance of the 
fission of a nuclens ol iiraninm-23ri. Let us express the 
energy in units of mass. 'Phe total energy of fission is com-' 
posed of the following jiarts: 


mass of frauniojils (iurJiidiiiQ: noiilrons) .... 2.'V4.8 

mass of oloclroiis ]>n>ihK-t‘<.l in ilio radioartivc^ 

decay of tlx* fra^jrneids. 0.005 

l<iii;*lic. eiieruy of the frai^mcMils. 0.172 

raJialioii entM’^y . 0.f)23 


Total . 235 

In its turn, I Ik* radiat ion (*iK‘rgy is conifiosed of t In^ energy 
of gamma rays (alxiul a fourth of the total quantity ol ra¬ 
diated ejiergy), the kinetic energy of eleciions wdiich make 
up another (piarler of the total radiation energy, and the 
neutrino energy comprising nearly one half ot the I'litire 
radialefl eiiergy. 

These figures show that in the fission of a nucleus of 
uranium then* is ndeased a tremendous energy close to 200 
million electron-volts. 


S<‘coiMlary Neutrons 

The amount of energy released in tJie fission of uranium 
is amazing. This phenomenon is ol)vit)UsJy oiK^ that is des¬ 
tined to play ail outstanding role in tin* history of mankind 
and without doubt plays a part ol first-rate imp()rtanc.l^ in 
nature. However, the meaning of this figure -200,000,000 
electron-volts per nuclear fission of uranium—was fully 
understooil in the light of a new ph(*nomenon that was soon 
to ho discovered, that of the origin of secondary lueitrons 
in the process of nuch*ar fission. 

The ess(‘nce of the matter is this. VVe know that |fce 
distinguishing feature, of heavy nuclei is that tlie niimher 
of neutrons in t hem exceeds hy far tin* ntirnher of protons. As 
an example, in the nucleus of the most ahundaiit isotope of 
uranium, gX'" there are 92 protons and 14G neutrons, 







which moniis Ihal. Uioro nro noutroiis to iiV(?ry proton'. 
Tlie ratio ol protons to noulrojis iji olomonts in tlio middle 
of the Periodic 'fabh' is quite dilferent. liromine, for exam¬ 
ple, has 3.) protojis and only Ab neutrons, which gives a 
ratio of 1.3 neutrons per proton. (Correlating the ratio of 
neutrons and prolons in urajiium and in hromine, we natu¬ 
rally arrive at the conclusion that I h(U’e should Ix^ an excess 
of neutrons in the fragments produccxl rlurijig the hssioji of 
uranium. 

liy way of illustration hd. us assume that uranium-238 
has split into two equal |)arts. liach of t|j(\si‘ parts w.ll 
have a charge of 4t) ami a mass number ol l ib. A glance at 
the table ol the isotopes of stable nuclei shovsus that 
the atomic number ol Ai) corresponds to the ehunent- palladi¬ 
um. Ihilladium has several stable isotopes. Tin? mass num¬ 
ber of till? heaviest of them is 110. Thus, in each of the 
halv(\sof uranium there will be at least nine extra neutrons. 

From the preceding chapter we know what should follow 
when there is a surplus ol neutrons in the jiucleus. One of 
the neutrons converts into a |)roton, ajid a free electron 
appears in the immediate vicijiity of the nucleus. What 
occurs, consi'quently, is beta decay. 

Of course, one lieta decay will be insullicient for the 
excess neutrons within the fragment to vanish. In the con¬ 
crete case of palladium, at least four beta transformations 
would be required for the palladium 119 isotope to convert 
to a stabhj isoto[)e. Indeed, the element nearest palladium 
with a ma.ss number of 119 is tin. The atomic number of 
tin is50, therefon?, four beta transformations will l)C needed 
for the translorination of palladium-119 into tin-119. In 
these transformations, four neutrons will be converted 
into four protons. This illustration explains why the frag¬ 
ments produced in uranium fission undergo a whole .series 
of successive beta transformations: they are the result ol a 
largo excess of ueutrons in the fragments produced during 
fl.ssion. 

It is true that uranium iLSually splits into two unequal 
parts; the usual division is into two slightly different frag¬ 
ments witli mass niimhers about 140 and 100. 'riiis, however, 
docs not change anylhing. The neutron surplus in the frag¬ 
ments is coiisiclerabie, and the fragments convert into stable 


321 



isotopes by a s(M*ies of beta Iransforinalions. Thus, Uio 
distijiguishiiig feature of the fraginiuits produced is the 
surplus of ueiiIrons in tlieiu. 

A very natural question is: do all the excess iiculroiis 
really convert into ])rotous? Doesn’t it happen tliat in the 
process of fission a certain quant it y of excess neutrons 
are outside tlj(‘ nuclei? Iliis importajit problem was inves¬ 
tigated by many workers includijig Flerov and Ilussijiov 
of the li.S.S.H. And the answer was si»on forthcoming. Yes, 
ill nuclear fission there arise' fre(', or, as tlu^y an* cali(‘<l, sec¬ 
ondary neutrons. 

This di.sc.overy was of tremendous importance and will 
bo discussed in its full value in the next cha])ter. 

For the j>r(‘sent let ns examine some ol the details of 
the formation of st'ccindary neutrons. 

Our primary interest will be to liinl out liow many 
neutrons originate in fission. We know tliat in the fission 
of uranium difTerent fragments are produced. This means 
that not all nuclei of uranium split in the same way: for 
this reason the nuinber of s(*condary n(‘utrons produced in 
the difTerent modes of fission of uranium nuclei dilTer. 
liow^ever, an important ])oiut was to det(‘rmin(‘ t he mean num¬ 
ber of s(*condary neutrons originat ing in the fission of one 
nucleus of uranium. What is the moan number of neutrons 
f>roduced per fission of a uranium nucUnis? This question 
was one that extremely iiiterest.(?d scientists. Ilow'ever, to 
establish the exact number of neutrons produced on the 
averag(' in the fission of uranium nuclei nM|uired extensive 
and pailistaking work. And at last it w^as found that the 
mean numher of neutrons produced per unclear fission of 
uraiiium-23o is 2.r)±0.l The fission of a j)lntoiiium-239 
nucleus produces still more neutrons, the averagi? being 
3.0±0.1. An essential factor was tliat tlie number of second¬ 
ary ueiitroiis proved greater than unity. If the average 
iiumher of secondary nentrojis produced jier decay had 
h(^(*u l(^ss than unity, the value of this di.^^covery and in¬ 
terest in it would have been quite dilTereiit. But seeing 
that the numher of secondary neutrons was more than unity, 
the interest in this discovery w^•^s extraordinary. 

Taking into account the origin of secondary neutrons 
in nuclear fission, the fission process may be depicted as 
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shown in Fig. 52 for the fission of plutojiiuin-239 nu¬ 
clei. 

The iiivestigrttioij of secondary iioutroiis prodiiceci in 
Iho iissioii ol nuclei permitted of establishing one more 
very interesliiig ]dieiiomenoii of practical im|»ortaiH‘e. It 
was lound that if iiraiiiiiin is irradiaU'd wilh neutrons and 
tlieii the neutron source is removed, s(‘condary neutrons 
continue to apjiear for a certain time, rtu'se jurntrons ob¬ 



served after irradiation of the uranium lias ceased arc 
called delayed neutrons, A detailed study of the plienomonon 
of delayed neutrons showed that 0.2 to 1 per cent of the 
neutrons produced in the fission of uraiiiiirn are delayed by 
0.1 second and 0.07 per cent of the neutrons are delayed 
by a minute. An intensive irradiation of uranium showed 
delayed neutrons 13 minutes after irradiation had ceased. 

The reason for the appearance of delayed neutrons is 
clear. Delayed neutrons appear as a result of the forma¬ 
tion (in the process of the radioactive transformations of 
fragments) of such nuclei as contain excess energy suifi- 
cient for the “evaporation” of neutrons. Since such nuclei 
originate as the result of a radioactive transformation, 
we observe neutrons for a certain period after the nucleus 
has split and fragments have been formed. 

By way of illustration let us examine the transforma¬ 
tion of a nucleus of As may he seen Irom the dia- 
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fxcffed 


gram in Fig. r)3, this niiclcuvS can disintegrate in tliroo ways. 
And ill all tliruc* types of decay a beta particle is ejected. 
However, the quantity of energy releaseil in each type of 
decay ditYers. C.onsequeully, the agKr**’ nuclei tornied by 
the decay of 3:,Hr^7 ^yiI] have different sup|)lies of 
ejiergy. asKr^' nuclei with the largest amount, ol energy 

radiate delayed neutrons 
and convert intOj^Kr**®.'J'he 
juiclei witJi the least 
energy are t he normal iioil- 
excited slate ol the isotope 
krypton S7. There is not 
enough energy lor ova])ora- 
lion ol neutrons from such 
nuclei, just as from asKr*’ 
nuclei with intermediate 
energy (excil(‘d state), and 
Iherelore the traJisitioii 



of a iiui.Icus uf 


do(\s not occur. 


3,Kr''®-l /i* 


The isotofje oonexciled state, is radio¬ 

active. It transforms into a stable isotope of j^Rb” by 
beta decay. 


Tlieriiial Neutrons and the Fission of llraniiiin 

High-energy neutrojis were used in the original uranium 
fission experiments, in this connection it was important 
to determine what neutron energies caused fission. For 
example, is there an energy limit for neutrons capable of 
initiating fission, or maybe a neutron of any energy, even 
the smallest, is capable of pruducijig fission once it gets 
into a nucleus? 

To answer this question one had first to find out how 
thermal neutrons act, whether they too are able to split 
uranium nuclei. As soon as the approj)riaLc ex peri ni on ts; 
were carried out it was immediately seen that thermal neu- 
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Irons aro capable of producing fission in uranium. And what 
is more they proved inucli more eiTeclive I lian last neutrons. 
It may be noted that the loregoiiig figures on the average 
number of neutrons per iission of the nu(dei of uranium- 
2‘Ai) and plutonium-23!l have to do precis(dy witli the case of 
fission by thermal neutrons. 

VV’^heri it was established that thermal Mcutrons are ca¬ 
pable ol causing fission of urajiiuin just like high-energy 
neutrons, and that, consequently, the important thing in 
iissioji is not the energy of the Jieiitrons but the fact of 
penetration of l.he neutron into the nucleus, a new question 
arose. Uranium as we know, is not a homogeneous sub¬ 
stance but a mixture of three isolopes,nrajruim-22S,uranium- 
235 and uranium-23/K Are all these nuclei fissionable, or 
maybe it is only one isotope that undergoes fission? To 
resolve this question, it was necessary to separate the ura¬ 
nium isoto|)es. This was done by means of a mass-spec¬ 
trograph. Tlie quantity of separated isotoi)es of urajiiurn was 
very small: only 0.03 inicrogram of uraJiium-235 and four 
microgranis of iiraniuin-238. Hut even this was suflic-ient 
to demonstrate lliat tlK'rmal neutrons sj)lit nuclei of ura¬ 
nium-235, while uranium-238, which makes u|»the bulk 
of the uranium, is not fissionable under the action of ther¬ 
mal neutrojis. To get a full picture of uranium fission, one 
still had to determine the behaviour of the isotope uranium- 
238 when irradiated with fast neutrons. Experiments showed 
that uranium-238 nuclei are fissionable by fast neutrons. 

The limit energy value at which fission of uranium-238 
by neutrons begins was determined in the works of the 
Sv)viet physicists (t. M. Flerov and K. A. Petrzhak. Their 
measurements indicate that uranium-238 is fissionable only 
by neutrons with energies in excess of one million electron- 
volts; neutrons with less energy are not capable of causing 
the fission of uranium-238. 

What will hap|)en if a lower-energy neutron penetrates 
into a nucleus of uranium-238? It will lead to the forma¬ 
tion of a new radioactive isotope of uranium, uranium-239 
which decays in the normal way w^ith the emission of beta 
rays. The beta decay of this isotope leads to the formation 
of the transuranium elements of neptunium and plutonium. 

To summarize, the isotopes of uranium-235 andmaiiium- 
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238 behave differently as regards fission. The nuclei of 
lJ-235 arc* fissionable both by slow and fast neutrons, those 
ol lj-238 only by neutrons ol (Miergy abov(‘ one million 
eJeetron-x ol ts. 

Speaking of observations of the fission of uranium iso¬ 
topes, we have conslaiitly referred to the (issioii of uranium- 
238 or iirani 11111-230. lUil the fission process occurs when 
the neutron lias penetrated into the nucleus, (lonseqiiently, 
wo observe in fact the fission not of the nuclei of uraniuin- 
238 and 233, but of the nuclei of tiraiiium-23fi and 23(5, 
because all('r the caplure oi a neutron, uraniuni-23r) heroines 
uranium-23(), and uraniuin-238 becomes uraniura-239. 


The SpoiltaiieiMis Fission of rraiiiiim-S35 Nuclei 

Flcrov and Jhdrzliak, the first to measure the required 
energy for fission of nraiiiuin-239, tlecidc^l to study in more 
detail the heliaviour of the uraninjn-233 isotope. 

Idle fewer noutrons then^ are in the nucleus, the smaller 
the fraction of energy (due to the attractive forces of the 
nuclear particles) in the total energy of the nucleus. A ura- 
nium-23() nucleus has just as many inotons as the isotopes 
of urajiium-23r) and 238, therefore, the action ol the repul¬ 
sive forces of the cliarge.s of all three nuclei is the same. 
But the number of neutrons in all three isotopes is different. 
This means that the role of the forces of attraction is 
likewise different. The i.sot ope uraniuin-239 has the largest 
iiumhcr of neutrons, hence its attractive forces will he 
grcat 0 .st. This is thi* reason, as we know, why the nucleus of 
uraiiium-239 does not break up spontaneously; this nucleus 
requires an excess energy .sufficient for lission. It is the fast 
neutron that carries such an excess of energy into the micleus 
of uranium-238. 

The isotope iiranium-23fi splits immediately after its 
formation. Thi.s means that the excess energy created in 
this nucleus during its formation (as a result of neutron 
capture by a nucleus of urauium-235) is of itself sulfi- 
cient for fission to occur. Thus the action of attractive forces 
in a nucleus of uraiiium-23G is not much in excess of the 
action of the rejmisive forces. The change in the ratio 
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betwocji the forces of attraction and rej)u1sion occurred 
b(5causo tbo uianiiiin-2.‘iH nucleus has fewer neutrons than 
the uranium-230 nucleus. 

Obviously, in uranium-23r> jiiiclei with their smaller 
number ol n.mtrons than urauium-23r), the action of the 
forces of attraction will be still less in excess of the lorces 
of repulsion. The question then naturally aris(*s: cannot 
uranium-23r) fission spoutaneonsly, without any irradiation 
by neutrons? It might be expected that such fission occurs, 
but with a small probabilUy. This means that the number 
of nuclei of uraniuni 235 umh^rgoing fission at each instant 
is smill, and for this reason such fission could remain 
undetected. It may be t hat the spontaneous fission of urani uin- 
235 Jiuclei will be detected if s|)ecial ex|>eriment.s are de¬ 
vised in conditions which permit the regislritioji of a very 
small number of fragments. 

SucJi exiieriments were carried out by Flerov and Petrzhak. 
They used a special ionization chamber with a large number 
of plates covered with uranium oxide. The t.otal surface 
area occupied by the uranium oxide amounted to 1,000 sq. 
cm. This larg(^ area was needed to observe the appearance 
of fragments in the largest possible quantity of uranium. 
The ionization chamber was connected to an amplifier, just 
as in other similar arrangements for fragment investigation: 
however, the resolving powtT of the Flerov-Petr/diak ampli¬ 
fier was con.sideral)ly greater than that of ordinary ampli¬ 
fiers because with the large surface area of uranium the 
number of alpha particles that entenul the chamber was 
great, and it was iiece.ssary to eliininale superposition of 
ionization from several alpha particles simultaiieously. 

The Flerov-Pelizhak observations established the pro¬ 
duction of Iragments of uranium not irradiated with neu¬ 
trons. True, the numbm* of such fragments was exceedingly 
insignificant, the total being only six cases of fission per 
hour. If account is takeji of the quantity of uranium used 
ill the experiment, the following conclusion may he drawn: 
if we consider that it was precisely the isolopo nraniura-235 
that underwent fission, the time required for ouo half of 
the given quantity of uranium-23r) It) undergo fission will 
umount to years. That is how slowly the spon- 

taneus fission of uranium occurs. However, it might be that 
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the assumplioji coiiconiijig the fission of iiraiiiuin-235 only, 
is incorrect; lor wo know that the mixture of uranium iso¬ 
topes contains tlie isotope uranium-234, whose nuclei 
contain still lower neutrons than do those of uranium“23r). 
It may be that the nuclei of this isotope arc the ones that 
undergo fission. In this case the half-life will be slightly 
less: 10^“ to 10*® years *. 

The princi|)al phenomena connected with nuclear fission 
were studied in uranium. However, t he investigations should 
naturally show whether uranium is the oidy element whose 
nuclei are capable ol fission, or whetluM- there exist other 
substances jnissessiiig similar jnoperlies. (^)uite riiturally, 
the first to be investigated were elennuils with trie largest 
atomic numbers, because the nuclei of these elements con¬ 
tain the largest quantity of protons. And this means that 
these nuclei will exhibit the strongest loiresot repulsion. 
It was therefore natural to expect lission to occur primarily 
in these elements. The search was rewarding. Thorium, 
ionium and protactinium exhibited fission, wirn‘h wasol)- 
served when tliese substances wei'e subjected to irradiation by 
fast neutrons. Thermal neutrons were unable to cause fis¬ 
sion of these nuclei. 

Thus ill thorium-233 fission is caused by neutrons of 
energy exceeding 1.7 million electron-volts. Protactinium- 
232 is fissionable under the action of neutrons of energies 
above 100,000 electron-volts. Neutrons with energies in 
excess of 1.2 million electron-volIs cause lission of ioni¬ 
um. Nuclear fission may be produced not only by neutrons, 
but also hy deutcrons with energiesal)oveeight million elec¬ 
tron-volts. It was lik(?wise established that lission of bis¬ 
muth, lead, tallium, platinum and tantalum occurs under 
the action of alpha particles of eiK'rgy 400 million elec¬ 
tron-volts and deuterons of energy 200 million electron-volts. 

As for thermal neutrons, they are cajiable of initiating 
fission not only in iiranium-23r), hut also in plutoiiiiini- 
239 and uraniiiiii-233, which is obtained by irradiation 
of thorium-232 by neutrons. 

* At |)r(>s(‘rit tliero i.s evideneo for spontaneous fission occurring in 
the ca.se of nraniiiiri 238 nuclei also. The rale of this fission is very 
small: about 20 decays per hour per gram of uruniuui 238. The cor¬ 
responding half life is roughly 10” yeai^. 



Cnapter XfT 

NUCLEAR (JfAlN REA( JIONS 
TIk; Cliaiii Reaction 

In the preceding^ cboplor we (Jiscussed Mie plienoinonoiiof 
the fission oi alornic jiueJei. Two reinarkalde [»roj)erlies of 
this ])hciioTneiion at oiico herame the locus ol atleiiHoii. 

1) An enormous energy of 200 miHion eleclron-volts is 
released during the fission of each nnclens. 

2) Nuclear fission is accompani(Ml i»y the ejection of 
secondary neulroiis. "J'ho niimher ol tiiese secondary neutrons 
j)roduced during the fission of one nuchnis is greater than 
unity. 

The second properly placed helore scientists a problem 
of prime im])ortance, lhat oi creating a chain reaction. 

Let us first analyze an ideal cas(». We assume that two 
new neutrons have been ju-oduced in the fission of a nucleus. 
Further we assume that each of the neutrons ]enetratcs 
one of the uranium nuclei, causing fission. 

What will happen if under such c-ondilions one single 
primary neutron penetrates into a nucleus of uranium? 

The nucleus will split in two and two new neutrons will 
be produced. These neutrons in their turn will be captured 
by the uranium nuclei, which will undergo fission and pro¬ 
duce four new^ neutrons. These four will cause th(' f’sjion 
of four uranium nuclei. And the result will now be eight 
neutrons. The number of neutrons and with them the mimher 
of rissionable nuclei will coiislaiitly increase. 

The ideal case we have just considered is an accel¬ 
erating chain reaction- The term “chaiir applied to the 
foregoing transformation was taken from chemistry wdrue a 
chain reaction is understood as such a reaction the products 
of which arc able again to react with the initial products. 
The reaction thus continuously develops. 
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Tlii« is oxaclly 'vhaL liapjK'Jis in our caso. Tlio iioutroii 
ejorled in Iho fission of a uranium nucleus can poiielrale 
into aiiollior nraniuin niuloiis and, thus, again produces 
nuclear fission. Tlii* rt‘sult is inoro ruuilrojis, which again 
enter uranium nuclei and cause fission, etc. Thus is esla- 
hiished a nuclear cljaiii rea»‘li(Mi. 

Of {uiirst^ the above described ideal case differs greatly 
from what acLually occurs. Kverylhiiig is considerably 
more coin plicated. 

First of all, I'o! every neutron that penetrates a nucleus 
of nraninin causes fission of this nucleus. We know, lor 
exaJiiple, fhal fission of uraiiiuni-238 nuclei is initiated 
by neutrons of energy not less than a million ehvtroii-volts. 
II tlie energy ol the neutron is less, it will be absorbed 
by urauium-2o8 without causing any fission wbalsix^ver. Out 
ol (ioO nncl(‘i of uranium 235 that have caplured thermal 
muitroiis, only t/ib (or 85 per cent) experience fission. For 
plutonium-23tl fhis perceiilage is still lower: only ()3 per 
cent of the nuclei that capture thermal neutrons arc lis- 
sioiiable. The reiiiaining nuclei undergo radioactive traus- 
foriijatioiis which do not produce any Iree neutrons. For 
this reason, the develo|niient of a chain reaction is |)r()perly 
determined not Uy the aviTage numher of neutrons ]>rodiiced 
in nuclear fission, but by the ‘'i*eproducif)ility” of the neu¬ 
trons, that is, th(^ numher of neutrons ])r()<lucod in fissions 
related to a single neutron afi.sorhed hy a nucleus. The 
“reproilucibility” of neutrons in (be case ol urauium-23..) 
is higher than for plutoj)ium-239, being 2.11 for the former 
and only 1.94 for tlu^ latter. 

Second, we a.ssumed that every neutron produced in 
fission would be captured by a uranium nucleus. But this 
is not so. Wo kjiow v(‘rv w(dl that the probability ol neutron 
capture by a nucleus is small. A neutron is capable of trav¬ 
ersing considerable layers of matter before it is captured 
by a nucleus. The probability of neutroii capture by a nu¬ 
cleus is th(‘ smaller, the greater the energy of the neutrons. 

Since nraninrn will always occupy a certain definite 
and finite space, there will always be a certain quantity 
of neutrons that will leave the volume in which the uranium 
is located and will thus “leave the game.” 

Third, we as.sumed pure uranium lor our ideal case. 
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But in reality it is difficult to obtain a pure substi»nce; 
the latter will always contain some impurities. If there 
are many impurities or if they strongly al)Sorb neutrons, 
then a substantial portion of tin* neutrons may l)e captured 
by the atomic nuclei of these impurities and will likewise 
be unable to maintaiji the ii'icleai* lissioji process. For 
this reason, although the fission process produces more 
than one neutron, it was jmpossii)le to say beforehand 
whether a chain reaction would develoj) or not. The general 
picture of processes that occur in uranium under the action 
of neutrons is given in Fig. 54. 

The problem was to understand all thecompleA phenomena 
infiuencing the development of a chain reaction and to 
determine the conditions in which it is possible. 

There are three factors that impede the development of 
a chain reaction: 

1) absorption by uraniiim-238 of slow neutrons, which 
is not accompanied by fission: 

2) escape of neutrons through the surface ol the uranium 
block to the outside; 

3) the presence of impurities, especially those that tend 
strongly to absorb slow and “thermar’ neutrons. 

Why are impurities that, absorb slow neutronsdajigerous? 

In the preceding chapter it was shown that nuclear fis¬ 
sion is much more effectively produced by thermal neutrons 
than by fast jieutrons. But thermal noiilrons are effective 
only agaijist uranium-235, and not at all agaijist the isotope 
uraiiium-238. 

However, the amount of the 235 isotope in uranium is 
140 times less than the isotope of lJ-238, and yet the effect 
of thermal neutrons is so strongly felt as to exceed the action 
of fast neutrons on uranium-238 nuclei. 

Thus, the principal role in uranium fis.sion is played 
by thermal neutrons acting on uranium-23r); they are the 
ones that will play the basic part in the development of a 
chain reaction. This is why impurities capable of absorb¬ 
ing slow and thermal neutrons are so dangerous. 

If the part played by the slow and thermal neutrons is so 
great, it should be worthwhile converting all fast neutrons 
into slow neutrons. We know that neutrons may be slowed 
down by passing them through a thick enough layer of 
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light substances. Noiilrons are most readily slowed down 
by hydrogen. If wt mix a hydrogen-containing substanco 
(valer or paraffin) with nraiiiurn, the hydrogen in this 
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mixture will slow down the neutrons. The slow neutrons 
will be absorbed by uraniiim-235 and will initiate fissions. 

Lot secondary neutrons he formecl in the fission of one 
Ducleus (for example, of uranium-235) initiated by the 
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capture ol a thermal neutron. In the slowing-ilown process 
a part ol the neutrons will disappear, they will be cap¬ 
tured by Ihe nuclei ol' uraniuin-238 and by diflerent impuri¬ 
ties, and a ])ait will escape. 

A certain trad ion ol tlu^ original number of neutrons will 
remain. Lvl us designate this Iradion by the number p 
(p is a ])rop(‘r traction: it in the slowing-dovn process, 

lor example, one-third ot t.ln^ neutrons is absorlied, two- 

‘,1 

thirds will rejiiain: in this cast' p will ecnial Then, 

of n neut rons produced iji the fission ol a jiucleus, np neu¬ 
trons will bee oni(» therinal, wiiile//(1 -"y/)\vill be lost in the 
si owing-down process. 

But not all the moderated (.slovved-dow^n) neutrons will 
enter the nuclei ot uranium-2ito. Some ol them will be cap¬ 
tured by the uraniuni-238 or by impurities, which include 
nuclei ot the moderator, a substance that decelerates neu¬ 
trons (in this case fission does not occur), and only a cer¬ 
tain jiumber of slow neutrons will enter the nuclei ot ura- 
nium-23r) to initiate fission.* Let the portion ol such cases 
comprise the number /c. 

Summarizing, then, of the initial n neutrons produced 
in the fission of uranium, only npk neutrons will initiate 
secondary fission, consequently, in place of one neutron 
entering a iiuchMis of uraniurn-23ri, the next fission will 
1)(* caused by npk mmtrons as a n^sult of the processes of 
fission and moderation of the neutrons formed during fis¬ 
sion. If / 7 p/>>l, the number ol neutrons initiating fission 
will increase after each act of fission. For this reason, the 
product npk is called the neutron “multiplication factor.” 
For a (diain reaction to take place it is necessary that the 
neutrons produced in the fission of one uranium nucleus 
should be able in their turn to initiate at least one fission 
of a new nucleus of uranium. Therefore, if the multipli¬ 
cation factor/?/;/<! is greater than unity, the chain reaction 
will develop, but if the multiplication factor is loss than 
unity, no chain reaction wdll take place. 

Thus, three magnitudes («, p and /c), whose product must 
be greater than unity, decide the fate of the chain reaction. 

* As wc pointed out above, fission orenrs in only 85 per cent of 
the cases of neutron capture by uranium-235. 
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Can we influence the values of these magnitudes? We can, 
hut not of all of them. For instance, n, the number of neutrons 
produced in the fission of a single nucleus of uranium-23f), 
is independejit of our elTorts. This is a very delinite number 
and we have no way of alleriiig it. liul we can influence the 
number /»:, which denotes the Iraction ol slow neutrons ini¬ 
tiating Jission of iirajiiuin'23r) nuclei. The remaining slow 
neutrons are ca])tnr(*d by inij)urities in the uranium, by im¬ 
purities in th(^ rnoderalor, by the jinclei of the moderator 
itself, and by uraniuni-238 nuclei. increase the jiumber 
/»;, it is necessary to increase lhi‘ portion of iKMitrons captured 
by uranium-23r> nuclei. To do this, it is first of all necessary 
to remove all impurities, especially cadmium, boron, and 
the lik(‘, wliich strongly absorl* thermal neutrons. The 
next step is to select as neutron moderatt)r such a sub.stanco 
as docs not itself absorb neutrons at all or absorbs them 
to a very small extent. 'Fhe best moderator of neutrons 
(hydrogen) is from this standpoint not exactly suitable, for 
it absorbs slow’ neutrons appreciably. Invcjstigations of 
different substances have shown that heavy hydrogen (deu¬ 
terium), grajdiite and beryllium are suitable modesrators 
for a chain reaction. Of tln^se three substances, graphite 
is most easily obtainable in siitficient quantities and of 
sufficient purity. 

It is also possible to influence the number p. Given suf¬ 
ficiently pure uranium and moderator, neutrons may bo 
lost during moderation only through absorption by the nu¬ 
clei of uranium-238 and by escape through tluj vessel con¬ 
taining the uranium and the moderator. Absorptioji of neu¬ 
trons l)y uraiiium-238 nuclei may be reduced in the follow¬ 
ing way. 

A study of the absorption of neutrons of dilTercmt sixjeds 
by uranium-238 showed that neutrons of diflerent energy 
arc absorbed differently. Uranium-238 nuclei are espe¬ 
cially “eager” to capture neutrons of small energy, in the 
neighbourhood of five electron-volts (the so-called reso¬ 
nance absorptioji). Neutrons of energy above a thousand 
electron-volts and below five electron-volts are insignifi¬ 
cantly absorbed by nuclei of uranium-238. If we want to 
keep neutron absorption by uranium-238 to a low level, we 
must see that when the neutrons lose energy they should 
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pass through this (Jaiigcr zoue hclwcon 1,000 to live 5 elec¬ 
tron-volts as rapidly as possible without eutounlering any 
urunium-238 jiucloi. 



Fig. 55. Diagram of a cliaiu roacliou 
with a moderator in unseparated uranium. 


To do this, the uranium is not distributed uniformly 
with the moderator throughout the volume of the pile, but 
is placed in the form of individual bl(x;ks separated by a 
moderator. Given such an arrangement, the bulk of the la.st 
neutrons produced in fission will be slowed down to ener¬ 
gies loss than live electron-volts at a distance from the ura- 





Ilium. These neutrons will prts.s through the danger zone of 
energy to the uranium and will he ahsorlu'd hy iiranium-23o 
nuclei, which will then undergo fission. Thus, the most 
advarilageous airangement is no! the mi\iug ol moderator 
and uranium, hut a dislrihution in Un* Jorin ol’ a lallice ia 
which the uranium and moderator alternate. 

A l‘urth(M' increase in [) may ht* achieved hy counteracling 
neutron lo.ss Irom I Ik* vi*ss(d conlaining (he uranium and 
ujod(*ralor. Escajie ol' mujlrons may lx* reduced in two ways. 

1. Tin* siz(* ol' the vessel should made very large. The 
more uranium there is, the fewer neutrons will escajie, 
which will result in a larger p and a higger multiplication 
factor iiph'. 

2. Tin* v(*ssel containing the uranium should he sur¬ 
rounded hy a snl)slanc(^ that reflects n(*ulr()ns. 'riien a jiart 
of the neutrons will he r(‘flecied back from the icflector 
into the vessel with the uranium. 

With sullicient quantities of pure enough uranium and 
moderator (ligurod in tons) it is ])ossihle to achieve such 
values of p and k that the multiplication factor will exceed 
unity, which will result in a chain reaction. 

Fig. tV) is a diagrammatic sketch of a chain reaction 
with a mo(i(*rator. 


The Nuclear Reactor 

An assembly in which a chain reaction may be realized 
is called a nuclear reactor or pile. 

A uranium reactor is an enormous container filled with 
uranium and a moderal or and siiiToundod by a substance that 
reflects neutrons. Let us take a general view of what hap¬ 
pens inside a uranium reactor. 

An essential jioinl. is the size of the reactor. Obviously^ 
il the quantity ot uraiiiiun in the reactor is insufficient 
(that, is, if the uranium occupies a small volume), a chain 
reaction will not develop because too many u(*utrons will 
escape from the* reactor. An inenjase in the volume of the 
reactor will r(‘tluce tlie ratio of the surface of the uranium 
to its volun e (the surlace grows iu direct proportion to 
the square ot the radius, while the volume increases as the 



cuho of IIk! radius), l.horororo Iht* Iractiou ol us(a|)iii'r 
iieulrojis will diminish. At a curlaiji size, callcMl the crii- 
ical size, a chain reaction is possible and the reactor begins 
to operate. 

i\ow let us sn|)pose that we have a reactor of such size 
that (‘iiables a chain read ion to develop. Tlie number of 
nuclei undergoing lission per second will constantly increase. 
Since, as we know, approximately 200 million (dectron- 
volts of energy is reli^ased per lission p(‘r nucleus, the amount 
of energy produced will increase with the numl)er of <livul- 
ing nuclei. When the latter attain a siillicitmlly large 
figure, the energy release will reach a tremendous value. 
This process is illustrated in Table XI. 

Table XI 


Nund)or of iiiicIcm u 
lission per second 

ndergoing 


■ 

10‘» 

!()'» 

Knergy released in 
(in found ligures) 

ki Iowa Us 

3(K) 

3,000 

30,00(J 

300,000 


In principl(‘, such a |K)W(‘rful energy release is entirely 
feasibh*. Hut in practice it is an extremely complex mat¬ 
ter that requires the solution ol a numl)er ol big small 
j)roblenis. 

1. A developing chain reaction results in a constant 
increase in the number of dividing nuclei. It we wish to 
maintain a constant number of fissions in times we must 
learji to control tin* course of the reaction, that is, to reg¬ 
ulate the number of fissions as required. 

The solution of the problem is this: since the growth 
in the jiiirnber of nuclear fissions is conditioned by the in¬ 
crease in the number of neutrons, regulation demands 
that wo ijitroduce into the reactor at a delijiite instant 
an additional neutron absorber. Since uranium-235 under¬ 
goes fission chiefly by thermal Jieutrons, neutron absori)- 
tion may be controlled if we select a substance that effec¬ 
tively absorbs thermal neutrons. The most suitable materials 
were found to be cadmiuin and boron. 

When these substances are inserted into a reactor, the 
conditions for the development of a chain reaction are 
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noticeably iipsel; il siiHioient quantilit'S of these sub- 
sLances are taken tlie reactioji may l)e slowed <lown or even 
stopped altogether. I'iiis will obviously happen W'hen 
cadmium or boron inlro<luced into the reactor reduce the 
factor k to such an extent that the multii)licati(m factor 
npk falls below unity. 

'I'he diagram of a reactor given m Fig. illustrates 
the principle of control. Here .1 is a volume containing 



the u'aiiiuin and moderator, B is the reflector of thermal 
iicu-aJoiis. This reflector, which returns a part of the iieu- 
trojis to the reactor, makes it possible to reilucc the critical 
size. C is a shield that acts as a protection against the 
action of radiation of neutrons and gamma rays emerging 
in large numbers Irom the core of the reactor. 

Reactor control is accomplished by means of rods D and 
E (made of cadmium or boron). Rod£ (this may also be a 
group of rods) is able to move inside the pile. This rod is 
moved automatically by means of an ionization chamber 
connected w^ith an amplifier. When the chain reaction has 
developed to the desired degree, radiation produced inside 
the reactor excites a definite ionization current in the 
chamber. If the chain reaction develops beyond the desired 
level, the ionization current in the chamber will rise above 
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the permissible value. An aiiloirial ic device is I hen acl-iialed 
and inserts rod E into the reactor. The inovemeiit ot this 
rod will continue until the radiation inside (he reactor, and 
hence the degree !o which the chain reaction has developed, 
reach the requiri'd magnitude. 

The purpose ol' the massive cadmium rod D is to slop the 
reactor. To do this, rod D is inserted. Th(^ large quantity 
of cadmium iiitroilnc(Ml into the reactor produces a marked 
reduction in the multiplication of neutrons, and the chain 
reaction is relatively quickly quenched. 

2. In nuch^ar fission there arise fragments. All fragmejils 
are radioactive, emitting beta and gamma rays. Note also 
that neutrons are emitted in each fission process. A uranium 
reactor is thus a source of diverse radiations. Among 
these radiations, of special importance are neutrons and 
gamma rays because they possess considerable peiietrat- 
ing power. The intensity of this radiation is tremendous. 
By way of illustration let us take a medium reactor of 
10,000 kilowatts. A reactor of this type produces in one 
second about 10** gamma quanta and neutrons. This is 
immeasurably more than ever before obtained. Since gamma 
rays and neutrons exert exceedingly strong effects on the 
human organism, it is necessary to build a thick shielding 
arrangement as protection against these radiations. 


The First Soviet Uranium Iteactor 

The fuel for the first Soviet reactor was natural uranium 
which consists chieily of uraniuni-238. Natural uranium 
contains only a small amount (about 0.7 per cent) of the 
isotope uranium-23o, the nuclei of which are fissioJiable 
by thermal neutrons. Duo to the large number of uranium- 
238 nuclei, neutrons are captured l)y the nuclei of the com¬ 
bustible mixture (iiraniiim-235 and uraiiiuni-238) essen¬ 
tially without .subsequejit fission, and the reproducibility of 
the neutrons is low. Accurate ineasununeiils carried out l»y 
P. E. Spivak and If. O, Erozolimsky show that on an aver¬ 
age only 1.337 neutrons are produced jier thermal neutron 
captured by uranium nuclei, that is, only 0-337 nmitron 
remains for the development of the chain reaction. 
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This oxIiTmoIy sirinll surplus of ikmiItoiis ohtainod when 
using natural uranium as luul niakus thu )>rohl(un oi building 
a ruaclor excoudingly dilficult. Jt was onougli (olose during 
Mio si owing-down process a (juaiior of I ho non trons prod uccmI 
and a chain reaction would not devoloj). This called for 
cuttijig neutron loss to a minimum; it was also necessary 
to make p and k approach unity so that the condition npk=^i 
could be satisfied even when n =.1.337. 

As has already been pointed out, in order to increase p 
(iXMluce neutron losses during moderation) it is necessary to 
use not a homogeneous mixture of uranium and moder¬ 
ator, but a lattice structure with the uranium and moder¬ 
ator alternating, 'fhe rnodtrrator used was graphite, since 
it is easily purifiiMl Ironi all impurities that readily cap¬ 
ture neutrons, 'the reactor was built up of graphite bricks 
(loo >100 ' tiOO mm. in size) in which were drilled holes 
spaced 200 inni- apart. These were filled with 30- to 40-mm. 
diameter rods of metallic uranium. 

To prevent the escape ol neutrons it was necessary to 
take a large ([uantity of uranium ami graphite. The first 
reactor began o])eration with a load of 45 tons of uranium, 
and .several hundred tons of motlerator. An added measure 
to reduce escape of neutrons w’as to arrange the lattice of 
uranium and graphite so that the surlace around the reactor 
core w^as made as clo.se to the lorm of a sphere as ))o.ssiblc. 
This spherical surface had a radius of about three metres. 
The reactor had a refh^ctiiig layer of graphite 80 cm. in 
lhicknes.s. To house the reactor, a special building w'as 
put up. Its cro.ss-.section is shown in Fig. 57. 

'fhe nuclear reactor was assembled gradually, layer by 
layer. After each layer was put down, a measurement was 
nnnie of the number of neutrons jiroduced. These measure- 
iiKuits were made with special care when the reactor ap¬ 
proached its critical size. The reactor was adjusted and put 
into operation by means of cadmium rods. 

The plan of the first reactor did not provide for constant 
removal of energy reh^ased during fission and .so the reactor 
coubi not operate for a long time at a power level greater 
than about 10 watts. However, dm* to the large thermal ca¬ 
pacity of the .system the [)ower levtd could be raised to a lew 
kilowatts for short periods of lime. 
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rt'fn-lor. 

J-inaiii hall; a - labijraLnry; .*i — reactor; diiiieiisions are in efiiilinietres. 


E>:i)erim(‘iits sliowod Ihal a ivaclor of this ly|)(* |)oss(\ssos 
tlie [irofK'iiy of solf-adjust iiioiit and is ahsoliiUdy sale as lar 
as possibility ol an explosion is conrin-iua.). Wlirii iJio cad¬ 
mium rod is removed, the powc'r level of I lie reactor first 
rises to nearly 4,000 kilowatts and llieii several minutes later 
lalls. This tall in power is tine to a decri‘ase in the multijdi- 
catioii I actor when the reactor beats up. 

The Atoiiiie Bomb 

J/ike tlio atomic reactor, the atomic bomb utilizes the 
euergy releasiMl in tlie lissioii of jiucbfi ol nraniuiri or plu¬ 
tonium. In both cases, energy is released via thc^ chain reac¬ 
tion. But whereas in t he rcaictor an alli^nijtl is maile lo slow 
ij]) the projiagalion of the chain reactit)ii, in the atomic 
bomb the process of energy release occurs witli exceeding 
rapidity, lii atomic reactors the chain reaction is devel¬ 
oped ainl maintained cbielly by slow neutrons. In the atomic 
bomb this is not possilile, lor the process ol neutron moder¬ 
ation requires a certain lapse ol time, which slows down 
the propagation ol the chain reaction. This is why in atom¬ 
ic bombs the chain reaction is produced by last neutrons, 
and no moderator is require*!. 
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But wo know that fast ikmiI rons do not proihico a chain 
roaction in Jiatiiral uranium, Ix^caiiso thoro arc too Jow atoms 
ol lira 11111111-235. JT uranium consistod only of the isotojio- 
235 or it its conloiit in tJio iiiixtiiro were substantially 
groatiu’, a chain roaction could propagate rather rapidly 
without a niodorator. 

Hero the thickness of the neulron reflector cannot he 
great so as not to increase the size and weight of the bomb. 
The absence of a moderator and the thinness of the reflec¬ 
tor reduce* the values of the factors/> and /»■, and therefore to 
maintain a chain ri^aclion (the condition is nph'i::--\) it is 
necessary to liave high //, that is, a high content of ura- 
niuin-235. 'J'hus arose t he problem of I he large-scale separa¬ 
tion of uranium isolop(‘S. 

Besides the se]iaration of uranium isot opes, anot her possi¬ 
ble way of accoinjdishiiig a chain react ion wit h Iasi neutrons 
was suggested, that ol using pintonium-23fl. The fission 
projiert.ies of plulonium-230 resemble those of uranium- 
235. Plutonium is constantly being formed in uranium re¬ 
actors. 'I’o obtain large quantities of plutonium one must 
build high-power uranium reactors. For example, to obtain 
one kilogram of plut onium in a 24-hour work-day requires a 
reactor of 1,500,000 kilowatts. 

The building of high-power reactors was not the only prob¬ 
lem that stood in the way of obtaining sufficient quantities 
of plutonium. The chemistry of this hitherto unknown ele¬ 
ment of plutonium had to be worked out. Without a knowl¬ 
edge of the chemistry of plutonium it would be impossible to 
extract plutonium Irora the uranium blocks of the reactor. 

To get a clear picture of the difficulties of this problem, 
keep in mind t hat it was necessary to separate jihitoniurn from 
uranium, which is chmnically very similar to the former, 
in conditions when* only minute quantities of plutonium are 
contaiiKxl in huge amounts of uranium. The clumiistry of 
plutonium was worked out, to the extent that satisfied the 
solution of this problem, by means of plutonium prepara¬ 
tions obtai ned in cyclotrons. Th(* amazing thing is that the 
required knowledge of ydiitoiiiuni chemistry was gleaned 
from a mere 0.5 milligram of plutonium. 

Summing uf), then, we find that either uranium’235 or 
j)lut onium-230 may be used as material for an atomic bomb. 



Naturally, an atomic exlposioii will bo producod only if (he 
chain reaction propagates rapidly. This implies that we 
inusthavo plutonium or uraijium-235 in the lorrn of a solid 
piece that exceeds the critical mass (the critical mass, it 
will he recalled, is a <|uanti(.y of fissionable material (hat 
fulfils Idle condition n/)A:—1). 

ddio atomic boml) consists of two or several pieces of ura¬ 
nium (or plutonium), the sizes of which are less than criti¬ 
cal, and a device for bringing Ihese pieces logether into a 



Fig. as. IJifl'crciit ways of bringing .siitu’ritic.al masses togcUicr 
rapidly to obtain a critical mass. 


solid mass. A chain reaction does not develop in the individ¬ 
ual pieces, which are absolutely safe. However, when we 
bring them together we obtain a mass that exceeds the criti¬ 
cal value, and a rapidly propagating chain reaction will be 
initiated leading to a powerful explosion. 

'Fhe separate pieces of uranium must be brought together 
with extreme ra|)idity. If this is done slowly they will fall 
to pieces due to thermal overheating and the bomb will 
disintegrate without exploding. VV^'hon the pieces of uranium 
or plutonium are brought together rapidly, a chain reaction 
will have time to develop before the explosion destroys the 
bomb shell. Strictly speaking, the atomic bomb is a device 
for the rapid joining of parts of uranium (or plutonium). 

Fig. 58 gives a diagrammatic sketch of several possible 
ways of joining subcritical masses of nuclear explosives. 
In Fig. 58,A arc tw^o subcritical masses with sufficient 
separation that are brought together by the action of a 
trigger mechani.sm. The high-speed trigger mechanism is 
an explosion of a small amount of an ordinary explosive. 



Figiirritivi‘ly speaking, lo producr an atomic i‘\|)losioii one 
inusl shoot one j>iece ol nraniiiin at anollier. 

Fig. o8, li shows that two suhcritical masses separated 
by a spacer may he brought toget her by removing the spacer. 
Fig. 58,6' shows an arrangement ol* suhcritical mas.ses sur¬ 
rounding a single snlawitical ccnit ral pic'ce. A trigger mecha- 
jiisin sen Is t he jieriplieral mass(‘s rushijig into the cejitre. 
'J he result is an atomic explosion. 

'I1n‘ action ol* an atomic e\j)losion depemds on the con¬ 
ditions in wliich it is produced, whether high above the earth, 
at the surlace ol* the eartii, u-.<ler water and .so forth. The 
iii.st stage ol an (‘x|)losion in air shows tlie characteristic 
ball ol* lire (see Fig. XLI, in the Ai>pendi\). Tlu^ reaction 
j)ro<lncts are under a very great ])ressnre. Tlie temperature 
in the zone of the react ion (‘xcccmIs a million degn^es. The air 
about tht^ bomb h(‘ats up to incandescence, ajul the light 
Hash is s(*eji at a distance^ of over 100 km. 

1'he hall ol lire grows rapidly reaching 500 imdres in di- 
aiiKder. As it expands it movies u|nvards like a balloon at 
a syieed of several tiuis of imdres ]K‘r .second. At a I.eight of 
12 lo 15 km. where the ilensity of the surrounding air is 
rongiily (Minal to tin? d(Misity of the Imll it takes on tin* 
shape of a mushroom, lorminga flat cloud with a radius of 
s('veral kilometres, which lasts until it is dispersed hy the 
wind. 

SimultaiK'ously with tlie formation of the ball of fire, in 
the ((‘litre ol llu* exj»losion then^ a|)pi‘ars a shock wave. 
'I’liis wave propagates Irom the centric through the hall of 
fire at a speed e\c(*eding that of .sound. 

'file atomic homh is a source of diverse radiations. Ijaigo 
(iuantiti(\s of neutrons and gamma rays, and also visible, 
infrared and ultraviolet radiations are emitted at the in¬ 
stant of explcjsion. The muitrons and gamma rays aie pro¬ 
duced in tin* jiroce.ss ol lission; while light radiation is duo to 
luiating. Alter the explosion, the alTected site exhibits 
gamma and beta rays origiiiaiiiig from beta decay of the 
Iragments, and also aljilia particles from unsplit uranium 
nuclei. 

In an underwater explosion, an enormous gas bubble is 
observed in place of the ball of fire. The bubble develops 
from the rapid evaporation of water and bursts at the water 



surface al iTie same time that the shock wave arises. In llio 
act, an (enormous volume of water rises np lorming a <lome- 
shay)e(i cloini (see Fijy. XIJl in the A])])en(Ii\). A wave 
reachinyr ;y0 metres in height appc^ars on (lie water surlace. 
"I liis wave represents a serious hazard to ships and struc¬ 
ture's on tile shore. 

As it 1)11 rsts at t he water surface, the gas bubble produces 
an instantaneous bug(‘ spray dome. "J'Jio inrushing water 
product's a column of spray calletl a “pinine” (see Fig. XLIIf 
in the Appendix). Tin? plume is in tlit' lorm ol a hollow cylin¬ 
der wit h a maximum diameter of tlie t)rder of l>0() metr(*s and 
walls about 90 metres thick. In this process, up to one mil¬ 
lion tons of water are thrown up into the air. 

'J"he ]>lumo rises to a height, of 1,8()0 to 2,^i00 nudres wliere 
it (Uicounters the colder layers of air; its u|)|»er part is in the 
form of a cloud resembling a cauliflower. .\s tin* rise of the 
plumt^ slows down, the lowt'r part bi‘gins It) fall i»ack into (lie 
sea, and at the base of the ])lume there' tievelops a gigantic 
wave 2r)0 to 300 melrt'S in height that consists of a cloutl of 
mist. 1'his wave is known as the base surgt'. The bast) surge 
travels outwards from the site of I be explosion ainl gradually 
lifts above the surface of the sea merging witli low cumulus 
clouds over the sift' of the explosion. If lliere is a wind, 
such clouds travi'l grt*al distances. There begins a rain of 
ratlioactive water. 

If the bomb is deltnialetl at the surfaci' of the* earth a 
crater is formed and a large quantity of ground is thrown 
u|) into the atmospht're. Tlii' alotns of radioaclivt' isoto]:es 
adhere to dirt, partichvs ami fall back to earth; this is known 
; s lall-out. The re.siilt is that in lbear(‘aof the explosion 
t liere is a considerable local concentration of radioactive 
substances. The shock wave and thermal action of an ('arth- 
surface explosion are also very intensive, but they affect a 
smaller area than in the case of an air i‘X])losion. 

'^I"he explosion of an atomic honibis (‘apabh^ of tremendous 
dest ruction. Tiie shock wave cn'at es big |>r('ssures evmi at rel¬ 
atively large distances from the site ol the ('xplosion. It 
is capable of inflictings('rious damage on massive city build¬ 
ings within a radius of about a kilometre Ironi the point of 
exy)losion. 

Thermal radiation likewise represents a considerable haz- 



anl, Apy)roxinialt‘ly oiio-lliird ol* lh(3 IoIjjI iMii?rgy roloascMl 
iji the explosion ol an atomic lunnh passes into radiation, 
producing; soinetliiny^ like 5 -10’® calories. Iliermal rays 
propagate al the s|)ee<i ol light (300,000 kilometres per sec¬ 
ond) and set lire to combustible materials. 

Likewise very dangerous are the radioactive radiations 
that arise in the explosion area. It should be pointed out 
that the action ot gamma rays and neutrons are a real hazard 
over roughly the same area that is alTected l)y the action 
oi the shock wave and thermal rays. An added hazard arc 
the beta-radioactive substances that ri^main alter t he explo¬ 
sion. 'Jdieir ra<lins ol' action depejids on the nature ol* the 
ex])losion and the direction of the wind. 

At the pr(‘seid. time numerous measures for protection 
against atomic attacks have been developed and testctl. 
Among the most reliable I onus of protection are various sub¬ 
terranean arrangements and special shelters to provide 
reliaitle protection lor people Irom the after-effects of an 
at om i c ex pi osi on. 



Chapter XU! 

THK FEACEFI L ISES OF ATOMIC^ ENEROV 
Atciiiiie Powor Sisilions 

first, clrclrir stiilioii to work on niit*l('ar fiu*l was built- 
in the Sovi(‘( I'liion by a l(sini of scion lists, onj^inctTS amt 
toclinicians ninter I Ik* J(*a(l(*rsirip of filokbint sov ami Kra¬ 
sin and lioj^an ojioration on June 27,ll)tVi, with a useful pow¬ 
er output of ;j,00() kilowatts. 

"I'he design of the atomic power station embodied the 
following principles. lJue to iission ol uranium nuclei in 
the atomic reactor during operation a large (juantity of 
energy is liberated. The energy r(*leased is carried oil* by 
fragments, iieiilrons, electrons and gamma quanta, during 
the deceleration of which it is coiiverttui into heat which 
raises the t(*m[)erature of the con* of the reactor. This heat, 
may be used to evaporate water or other suitable liquid 
and to create sufficiently high-pre.ssure vapour. 1'lie va¬ 
pour obtained can drive a turbiii(> together with a connected 
generator of electric current. Tlie tiirliim* and generator 
can be exactly like those used in conventional thermal 
power stations. 

The building of an atomic power station required the 
solution of a series of new^ probhuns. 

The electric station should naturally 1 k^ made to operate 
continuously for a long period of lime. During this long 
time the initial supply of nuclear fuel gradually “burns u|)” 
due to fission. On the other hand, there accumulates in the 
reactor a large quantity of iission products, fragments (ra¬ 
dioactive slag) that absorb thermal neutrons. Among them 
ar(5 the poisoning xenon-lSo nuclei that “avidly” capture 
thermal neutrons. Owing to the fission of nuclei ol urariiuni- 
235 its concentration in the combustible mixture diniin- 
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5sh(*s, wliilr tlu‘ ((MicciilralirMi o\ xcnoii-1 Sf) iiirroasos. 
TogoMuT Mim* liu lors riMiurr /•• and I ho |)r(Mliiot npk pro¬ 
gressively doc roasos diirijig oporalioii of the reactor. To keep 
the product ///^/>* o(jual t(» unity despite the accunuilatioii of 
slag in the react or ami the diminishing quantity of uranium 
23o, it is necessary heforeliand to provide a surplus supply 
of fuel ill t lu^ reactor and to have a method of regulating the 
power output. 1'o do this, one must insert into the active 
core of the reactor suhstances that intensely ahsorh thermal 
neutrons. In I In* reactor of the atomic power station, rods 
of boron carbide are used for this purpose. There are in all 
IS such rods: six are arranged near the centre of the core ami 
12 on its j)erim(‘ler. As slag accumulates and the quantity 
of uraiii 11111-230 diminishes in tin? comhustihle mixture, 
these ro<ls an* withdrawn from tlie pile. 1'he result is a 
diiced loss (jf lh(‘rmal neutrons, that is, /.* incr(*ases and condi¬ 
tions art* mai nl ai n(*d I hat are neces.sary for the develo|)ment of 
the chain ri*aclioii (///>/• : • 1). 

A reactor cannot operate with natural uranium, since 
from the very beginning large quantities of neutron-absorb¬ 
ing substances have to bt' introducetl into the reactor. For 
this reason, tin* fuel selected was a uranium mixture en¬ 
riched with th(' isolopi* uranium“23r). 

The reactor of the first atomic power station was loadetl 
with uraninin which contained live p(*r ci*nt of the isotope 
iiranium-23r) (in place of the 0.7 per ci‘nt in natural ura¬ 
nium). I’his concentration of uranium-235 ])i*imits opc^ra- 
lion of the reactor to be started with the total of IS boron 
carbi»le roils inserted. Enrichment of the uranium also per¬ 
mits of ri*ducing slightly the size of the reactor and the ra¬ 
dius of the core. I'lie reactor core (fuel and moderator) of 
this station has the shape of a cylinder 150 cm. high anil 170 
cm. in diameter, in Fig. 50, which is a cross-section of the 
reactor, the core is shown by a dashed line. As in the first 
Soviet reactor, the moderator was graj)hite with uranium 
rods arranged in the form of a regular spacial lattice. One 
liundred twenly-i^ight sfiecial slots were made for placement 
of the rods in the graphite. 

The reactor of an atomic power station should generate 
heat, which jiroduces steam that drives a turbine. The heat 
is liberated chiefly in the uranium slugs. Under normal 
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Fi-i*. oU. KoiVf.tor of atomic ])(Avcr slaliott* 
i - rf.iictiir .'isseinljly; 1' - plali'; J -top pjali*; ^ - oprra I iiiff channel; 

,5 — oriicrKoiicy chaiiriol; /; - aiiloiiiatic control channel; 7 ■ ionization-chain- 
her channel; A' -side .shieldiniuc (water): i/ and /// - refrii:crators; /i - di- 
striUition main; /;i^ — coUcctinj' main; /,y — top sliicldinj|< (iron); //—cooled 
support t)l rcHeclor. 

conditions the flow of lu^at rtdeased from the siirl'aco of this 
uranium ainounis to a million and a half large calories per 
hour per .s(]uare metre. To remove I his heat, the uranium 
slugs must he intensively cooled. In the power station reac¬ 
tor, cooling is accomplishiMl by using ordinary water un¬ 
der high pressure. Since uranium is strongly corroded by wa¬ 
ter, each uranium rod must be jacketed in a thin-walled 
tube of stainless steel, and all this together must be placed 
in another such tube so that the cooling water should move 
in the space hid ween the two concentric steel tulies. 

With a fresh load of find the reactor can operate for two 
and a half months, alter which the uranium rods must be 
replaced by new ones (by this time the content of uranium 
-235 in the rods is equal to 4.2 per cent). 

Just as in the first Soviet reactor, graphite was used as 
the material for the neutron reflector. The active core w'as 
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looaled iiisidt* a t?raj)liilo masonry willi walls 80 cm. Miick. 
I'ho ruLire masonry was enclosed iii a licrrnetic steel casing 
filled with helium and resting on a concrete loundation. 
The reflector IiouscmI the boron carbide rods designed to 
maintain a given powi*r lev(*l ol‘ the reactor. As the power 
level rises the rods are automatically inserted into the reac¬ 
tor, and as it tails they are removed slightly, llesides the 
automatic control rods and rods tor compeiisaliiig uraniiiin 
burii-up and th(i tormation ot slag, there were two safety 
rods tor rapid stopping ot the reactor. At an emergency sig¬ 
nal these rods tall into the active core of the reactor. Neu¬ 
tron absorption gives a sharp rise, the neutron multi])lica- 
tion factor falls 1 k*I(»w unity ajid the chain reaction 
cease *s. 

The reactor ot an atomic power station has special 
channels tor neutron irradiation of ililTerent substances. 
The density ot the neutroJi lliix in th(‘se channels reaches 
8 X 10’ * ficu Iroff s, cm “ see . 

The biological shield ot the reactor is a layer of water one 
metre thick and a concrede wall ot t hree metres in thickness. 
In the n])j)er j)art ot the reactor, the biological shield is in 
the form ot an extra thick graphite reflector, and also a steel 
cover and aji iron plate. 

As we have already pointeil out, h(*at is removed from 
the reactor by continuously circulating water. I'he water 
that cools the reactor circulates in a hermetically sealed 
circuit and passes through a special heat exchanger. In the 
heat exchanger, heat Irom the water circulating in the 
first circuit is conveyed to the water circulating in the sec¬ 
ond circuit, converting the latter into steam, wdiich 
drives the turbine and electric generator. A diagrammatic 
sketch of an atomic power station is given in Fig. 60. 

Every phase iti the work ot an atomic station is automati¬ 
cally controlled l)y means of high-speed instruments and 
through circuits from a central control panel. 

The o[)eration experience ot the first atomic power sta¬ 
tion has given much information for assessing the econom¬ 
ic iiidic(?s of such stations. The cost of one kilowatt-hour 
of electric power produced at the first atomic station has 
proved higher than the average cost of a kilowatt-hour at 
conventional thermal electric- stations. However, there are 



already many ways ol’ reducing Llic cost of atomic-pro¬ 
duced (dectrie po>ver. 

The (Honomic indices of a rcjcejitly designed 100,000- 
kilowait atomic station are found to he close to those of 
thermal pcjwer stations of the same power. Although the 
cost of nuclear find (as calculatcHl per kilowatt-hour) slight¬ 
ly ex('.eeds that of the fuel of a coal-burning station, a num¬ 
ber of favourable points, such as lower power consump¬ 
tion for the requii-onients of the stat ion itself, the absence of 
large fuel storehouses, of a system of fuel delivery, of coal 



Fig, GO, Schematic diagram of atomic power station. 

1 — reactor; 2 — turJx>gcm.Talor; — lieal-excliaiiger; ^ — condens¬ 
er; .5 and 0 — 111!nips. 


grinding mills, and other large-size struetures that are nec¬ 
essary components of all coal-lin'd stations, make atomic 
powc'r stations a fully profitable source of energy. A nuclear 
station may he more economical than a coal-fired station at 
remote distances from wliere the coal is mined or operating 
on low-grade fuel. The future development and refinement 
of atomic power stations will make them still more economi¬ 
cal. 

In order to get a better comopt of the |)ossil)ililies of de¬ 
velopment of nuclear power .systems lor i)eaceful purposes, 
one must not overlook the fact that a nuclear reactor not 
only generates heat, but also, siinullaueously, fresh nuclear 
luel. The hulk of natural uraiiiiim consists of the isotope 




uranium-238, which is not fissionable by slow iitMiiroiis, 
As was poiiiled out earlier, the penetration ol' a slow neii- 
troJi into the nucleus of a nrauium-238 atom does not 
fission the nucleus, Iml leads to the tormation (by two beta 
translormatiojis) of the isotope |ilutoiiium-231). Pluto¬ 
nium-239 is also a nuclear fuel that suffers fission by slow 
neutrons. 3'his is why a nuclear reactor not only consumes 
nuclear I'nel (urauiuiii“23r)) but also cr(;ales it (pluto¬ 
nium-239). 

In the reactor of the first Soviet nuclear |)owerstation, the 
breediuj^ raliti of plutonium is relatively small, 0.32 (which 
means tflat 32 atoms of piutoniurn-239 are produced per 
too consumed atoms ol urauium-23.")). Hut it may be 
increased, lii fasl-neut roii reactors the breeding ratio of 
jilutoni 11111 is substantially greater, having a theoretical 
value of 1.0. If the lueeding ratio of |)lutonium is unity, 
a nmetor during operation will consume and produce the 
same amount of luel. Now if this ratio is greater than 
unity, the quantity of freshly produced fuel wi II exceed con¬ 
sumption and the reactor will be a source of additional nu¬ 
clear fuel. 



FiS‘ A coiubiiiatioii typo aloiiiic-powcr system. 



A rurthor peculiarity of a nuclear reactor is that it pro¬ 
duces not only energy and nuclear liiel, hut also radioactive 
isotopes. These is()toj)es are periodically removed from the 
reactor and made use of in the economy. This shows that 
nuclear power sysUmis should he developed as combiJiation 
units. 

Fig. 61 show^s the plants and establishments involved 
in such an integrated operation of a nuclear power station. 
The composite utilization of nuclear reactors and refine¬ 
ment in their design wd 11 undoubtedly improve their econom¬ 
ical aspects. 

The Soviet Union has extensive plans for the construc¬ 
tion of new atomic fiower stations. During the jieriod 1956- 
60, nuclear stations will be built witli an aggregate power 
output of 2 to 2.5 million kilowatts. They will be located pri¬ 
marily in areas that have no fuel sujiply of their own. Nu¬ 
clear power .stations are also being built in England, the 
U.S.A., Canada and France. 


Atomic Power Plants 

The great advantage of nuclear react ors is that the produc¬ 
tion ol energy involves only a tiny consumption of fuel. 
For example, *8.2x10*® joules are evolved in the li.ssion of 
one gram of uranium-2i35. Even if wt take into considera¬ 
tion the fact that when heat energy is transformed into work 
only 25 per cent of this energy is usefully used, the fission 
of one gram of uranium will be enough to run a 100,000- 
kilowatt engine for 3.5 minutes. Only 12 kilograms of ura- 
iiium-235 would be required to keep such an engine ruii- 
iiing for a whole month. 

Fig. 62 is a graphical i llustration of the quantities of differ¬ 
ent types ofluel that can suppy the same amount of energy. 

A further essential advantage of nuclear fuel is that its 
“burn-up” does not require any additional materials, such 
as oxygen, for instance, whereas the burning of one ton of 
carbon requires 2.66 tons of oxygen. The harnessing of atom¬ 
ic energy will enable powerful engines to be built, which 
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will 1)0 capahlo ol WDikiii^ lor long periods of lime with¬ 
out roiuoiliiig or taking on supplies ol other materials. 

liut one has to keep in mijid that the use of atomic power 
plants ijivolves tlie resolution of many dilficult problems. 
The nuclear reactor, wliich is the |)rijici|)al j)art of the plant, 
is ordinarily very large in size and weight. An atomic en¬ 
gine is j)ecuiiar iji one respect. It cannot lie started before it 

has been completely filled 
with iiiel, and the “capaci¬ 
ty” ol its “tank” is tremen¬ 
dous. True, the critical size 
ol tli(^ ri'actor may be re¬ 
duced if the fuel is highly 
enriched uranium and the 
moderator is water (either 
onliiiary or heavy) in place 
of graphite. In water the 
neutrons are slowed down 
more (juickly than in gra¬ 
phite, t Juis coJKsiderably re¬ 
ducing the critical size of 
Die redactor. The over-all 
volume of the reactor may 
also 1)0 r(‘duced by making 
the retlector thinner wlien 
graphite is replaced by sub- 
stajices tlial contain hydro¬ 
gen. All these factors are 
capable of reducing the 
volume and weight of tlie 
reactor ap])recial)ly. In a 
reactor with enriched nu¬ 
clear fuel clissolved in water, the core may be very small, 
of the oril(‘r of cm. in diameter, while the thickness 
of the shield will not exceed two metres. A chain reaction 
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will begin with a fuel load of approximately ojie kilogram. 

A cut in the weight and volume of nuclear reactors makes 
them suitable as a source of power for engines; howev(>r, 
it is clear that the construction of “portable” engines, such, 
for example, as may be installed in an automobile, is not 
yet feasible |)ractically. 
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Nuclear reaclors may bo iisorl in the const ruction of very 
powerful plants designed for operation over very long pe¬ 
riods of lime. 

An alom-pow(ued submarine called the Naulilus with 
a displacement of 2,700 tons has beoji built in the U.S.A. 
It is fuelled with uranium enriched with the isotope-235. 
The heat generated by uranium fission is removed hy ordiJia- 
ry water which at the same time serves as moderator. 'I'he 
water circulates betw('en the reactor and tJit^ boihu* heat- 
exchanger unit, where it transfers its heat to the water of the 
secondary circuit. The turbine develo|)s S,000 h. p. and 
drives an electric geiu'rator which feeds t he engines that turn 
th(^ proj>ellers of the Nautilus. 

'J'he design speed of the Nautilus is 37 km./hr. under 
water and t35 on the surface. It is expectcMl to be capabh^ of 
a roMful-the-world voyage without refuelling. 

A second American sui>marine, the Sm Wolj has recently 
been completed. 

In the Soviet Llnioji, the attention of sciejitists is centred 
on problems connected with the peac(d‘ul apjdicatioii of 
atomic energy. 13ie directives of the Twentieth Congress 
of the Communist Party of the Soviet Union on the Sixth 
Five-Y'ear Plan envisage utilization of atomic energy in 
ships, on railway transport and in aircraft. (.)ne of the tasks 
is to build an atom-])owered ice-breaker ca})abie of making 
long voyages in the Arctic ice without having to stop at 
any port, lliis ship has been built now. 

The Soviet atom ice-breaker, the first in the world, is 
expected to have a displacement of 1(),000 tojis. Its main 
engines will develop 44,000 h. p. The ship will be able to 
take on board sufficient supplies to last for a year’s voyaging 
without putting in to port. The hull of the atom ice-breaker 
will be much stronger and heavier than that of ordinary ice¬ 
breakers, thus making it possible to sail in thicker ice 
fields. 

Tracer Atoms and Their Use in the National Economy 

The discovery of artificial radioactivity placed in the hands 
of scientists a remarkable tool for research: “tracer atoms.” 
What arc these tracer atoms and how aiv. they used? 
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Wo alroady know tlial radioactive substances are iiiisla- 
ble. They decay and in time “disappear.” 1’he disintegralioji 
ol each radioactive substance is acconipaiiied by the emis¬ 
sion ot' alpha, beta and ^amma rays. Hadioactive radiation 
may easily be rej^istered (lor example, by means ol a (lei- 
gcr-Miiller counter), thus making it possible to detect the 
atoms of the radioactive isotope among other substances, 
including the atoms of the iioiiradioactive isotopes of the 
given element. The character of the radioactive radiation 
(the nature of the particles, th(^ magnitude of their energy, 
their half-lives) always gives the clue to what radioactive iso¬ 
topes are pre.sent in the given substance. If we arc able to 
locate radioacl ive atoms, we are able to follow the behaviour 
ol the substance that interests us. 

By way of illustration, let us assume that a mixture of dif¬ 
ferent subslances coni ains phosphorus. We then add to 
this mixture a small amount of rail inactive phosphorus that 
is sufficient for it to be registered by its radiation. If we 
subject our mixt ure to chemical act ion, chemical reactions 
will take place, with some of the substances going into solu¬ 
tion, others into the solid state, and yet others into the 
gaseous state. What will happen in these processes to the phos¬ 
phorus? In what state will it be after the? reactioji? 

The answers to Ibese questions an^ given by determining 
the location of the radioactive radiation either in the liquid, 
gas or solid part. Bliosphoriis will be found where radioac¬ 
tivity is detected. Since, chemically speaking, both the ra¬ 
dioactive and jjojiradioactive isotoj)es are absolutely iden¬ 
tical, there will be no difference in the fate of the radioactive 
and nonradioactive phosjihorus. Nonradioactivc phosf)ho- 
rus will be found wherever the radioactive variety is. Thus, 
by observing the behaviour of a radioactive isotope we caji 
determine the behaviour of the eleimmt that interests us. 

Radioactivity is the tag which enables us to trace the 
actions of the atoms. Hence the name tagged atoms or trac¬ 
er method. 

Nuclear reactors make it possible to produce large quanti¬ 
ties of different radioactive isotopes. Radioisotopes were 
obtaine<l before the advent of nuclear reactors and even be¬ 
fore the discovery of nuclear fission. For instance, they may 
be obtained in cyclotrons by irradiating various substances 
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ill a beam ol* fast dontorons or alpha |)arl i(*l(*s. Rut only very 
small qiiaiitilios ol radioaclivo isotopes can be had in this 
way, the cost being prohibitive. 

The construction ol' nuclear reactors produced a crucial 
change. Stupendous numbers ol'neutrons are created in such 
reactors. A portion ol them go to maintain the chain ivac- 
tioji, while the remainder may be used for the production of 
radioactive isotopes. 

When a neutron enters a nucleus it alters the composi¬ 
tion of the latter to produce an unstable radioactive nucleus. 
In a redactor, radioisoU)])es arise not only from neutron irra¬ 
diation, they are also produced in the iission process of 
uranium nuclei. The fission fragments are radioactive too 
and they must be removed from the reactor l)ecause they 
interfere iji its normal operation. Rut fragments are u.sually 
removed only when the reactor has been shut down, which 
is a thiJigJiot done very frequently. For this reason, the prin¬ 
cipal source of radioactive isoto|)es is neutron irradiation 
of different stable elements introduced into the reactor. 

Of course, not all radioactive isotopes find application. 
Table VI (p. 220) gives a list of the more important radioac¬ 
tive isotopes. Many of the chemical elements are represented 
in this list. Of course, elements not listed also have radioac¬ 
tive isotopes, but in the majority of cases their half-life 
periods are small and so the isotopes are not suitable for 
widespread use. 

Registration of tracer atoms is rather simple. Geiger-Mul- 
ler counters and photographic procedures are the most com¬ 
mon methods of registration. I^hotographic methods are usu¬ 
ally resorted to when it is necessary to determine the distri¬ 
bution of tracer atoms in a given section of the body under 
investigation. They consi.st in holding a photographic plate 
to the area in question and then in developing the plate. 
The radioactive radiations light the plate, which on develop¬ 
ment exhibits dark spots. The distribution of the dark areas 
on the plate is an indication of the distribution of radioac¬ 
tive substance in the body being studied. Such pictures ob¬ 
tained by the action of radioactive radiation are known as 
“rad i oau togra phs. ” 

For examples of radioautographs, see Figs. XLIV and 
XLV in the Appendix. Fig. XLIV is a radioautograph of 
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a tomato loaf IVd witli ladioaolivo pliosplionis. This picture is 
ohtaiiiod iiy pull it he leal on a photographic plate wrap})cd 
ill black paper. X LV shows rad loan t()^ra[)hs obtained 
from sections of a tomato fed with radioactive zinc. Jdoth 
pictures cl(*arlY exliihit the areas of concentration of radio¬ 
active substances: they show what parts of Iho plant assimil¬ 
ate best the salts that included the radioactive suhslance as 
constituent. 

'IVij^^ed (or tracer) atoms fiml hn»ad application in sci¬ 
ence and technology. It is beyond the sco[)e ol this hook to 
give detailed descriptions or even a list of all these appli¬ 
cations. We shall select oidy a few as illustrative exam¬ 
ples. 

'I'racer techniques are of great value in st udying the proc- 
es.ses that occur in living organisms. It is common for an 
organism, functioning normally, to iiigi‘st those chemical 
elements which already com|>rise a substantial part of the 
organism (oxygen, hydrogen, nitrogen, iron, sodium, etc.). 
Naturally, a chemical analysis, wdiich, as it stands, is a 
big problem wlimi dealing with living bodies, does not per¬ 
mit of dilTerent iat ing betwemi the atoms introduced into the 
organi.sm and t hosi* originally there. Tagged atoms are some¬ 
thing quite dilTerent. They may be easily detected even when 
t he related chemical elements are already present in the or- 
ganisiJL 

It should also he noted that Cleiger-Muller counters are 
extremely sensitive, being capable ol recording every single 
radioactive ad, that is, tin* decay of individual atoms. 
This makes investigatiojj po.ssihle with such inlinitesimal 
admixtures of the radioactive? suh.stance that their presence 
is absolutely harmless to the organism. 

Frequently the observation technique is simplicity it¬ 
self, as in the study of the rate of ahsor|)tion of different 
salts by the stomach. In this ca.se, the experimenter simply 
holds a (jeiger-Miiller counter in his hand alter swallowing 
the salt in (pjestion together with an admixture of the prop¬ 
er radioactive suh.stance. The .salts absorbed into the stom¬ 
ach are; carried by the blood stream to all parts of the bo<ly, 
including the hand with the counter. The time of the pul.se 
in the (ieiger-Miiller counter is an indication ol the rate of 
absorption of the.se salts. 



Tracer atoms have shown themselves to he iii/aluahle in 
the search lor new medicines. As an example, take an iU- 
iu\ss like hyj)ert(nision, which has lo do with high hlood pres¬ 
sure. This illness is treated hy suhslances that help to dilate 
the blood vessels. In dilated vessels tlu^ hlood flows under 
a smaller j)ressure. To determine the vessel-dilating action 
of different substances a person is given radioactive sodium 
(injected into a vein of the hand) or radioactive xeiioji (via 
^h^ respiratory system) together with the substance under 
study. Geiger-Mtiller counters are used to ohs(M*ve the ap¬ 
pearance of activity in different parts of the body. 1 ii a healthy 
person, it takes 40 seconds for the blood to get from the 
wrist of the hand to the feet. If medicine is taken that dil- 
at(*s the blood vessels, this time is cut to from 20 to 30 seconds. 

The use of tracer atoms has made it possible to rleterminc 
the rate at which diff(?rent sukstances move to the various 
parts of the body, to find the rate of their metabolism and to 
find out in what part of the body a given substance accumii- 
lates. 11 was found, for example, that on enUu’i ng the organism 
iodine concentrates chiefly in the thyroid gland. Iliis made 
it possible to use radioactive iodine to figlit certain forms 
of disease of the thyroid gland. 

Tagged atoms are invaluable to the surgeon. W'^hen operat¬ 
ing t umours of the brain it is particularly important to know 
the exact, site of the tumour. This is found out by using ra¬ 
dioactive iodine. "Idle iodine compound, diiodofltioresceiii, 
is selectively absorbed by the ti.ssue of the tumour. Idiis 
compound, tagged with radioactive iodine and injected into 
the organism, concentrates in the tumour and emitsgamma 
rays that iiuerringly indicate tin? site of the tumour. 

Tracer t(?chniques are widely used in the study of highi}' 
conijilex biochemical proce.s.ses that- underlie the activities 
of the nervous system. A study of bioclujmical processes in 
the cortex during sleef) has showni that the processes of syn¬ 
thesis predominate over the processes of disintegration; 
this leads to a restoration of the working capacity of the 
brain during sleep. 

Tracer atoms are playing a big role in agriculture. They 
are being ii.sed to find effective ways of raising crop yields, 
for by .studying how plants assimilate nutrients it is possible 
to work out optimum lood rations. Thus, radioactive phos- 
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phoTushelpeil lo find Ihc best way oV placing forlilizor in the 
ground so as to ensure a sufficient supply ol phosphorus to 
the roots ol young plants. Experiments have sliown that the 
most rational method of applying phosphalos (at least gran¬ 
ulated superphosphate) is during planting and by placing 
it directly in tlie rows. This method ensures optimum nu¬ 
trition lor the shoots even when small doses are applied. 

Tracer atoms permit, of finding the best j)eriods for ferti¬ 
lizing plants, it was found, tor ijistance, that maize assimil¬ 
ates phosphate fertilizers during the early period of vegeta¬ 
tion. At the later stages its deeply germinating roots ex¬ 
tract st raight from t lu» uiilertilized soil the bulk of the 
phosphorus that it ne(‘(Js. In contrast to maize, potatoes get 
a constant supply of phosphorus from fertilizers. Experi¬ 
ments perform(‘(i with tobacco have shown that phosphate 
fertilizers used in tobacco planting are not very effective. 

Radioa(‘tive carbon has helped scientists to establish 
that th(^ root system plays a iar more important role than 
that of transferring to the plant substances extracted from 
the soil. Tile root, system itsidf transforms mineral substances 
into oJ*ganic suhstances. In contrast to the accepted view, 
the roots of plants also extract from the soil carbon dioxide 
and its salts and convoy it to the leaves where it is assimi¬ 
lated. It was in this way that a new additional source of car¬ 
bon nutrition for plants was discovered and also a new func¬ 
tion of the roots. This function had been thought earlier 
lo he perforrae<i solely by the green parts of the plant. 

It was also found that the leaves can take upon them¬ 
selves the usual liniction of the roots in supplying the plant 
with minerals. This is now utilized in the so-called non¬ 
root fertilization of plants. The application of this new meth¬ 
od of fertilizat ion has raised cotton yields 10 to 15 per cent. 
At present non-root h'rtilization of cotton plants is widely 
employed in this country. 

Substances move much faster in the plant than was earlier 
thought . To check the rale of movement of sugar in a plant, 
radioactive* sugar (containing the raelioactive isotope car¬ 
bon-14) was introeluced into the colls of a green leaf. The 
sugar was found to move through the plant at the rate of 70 to 
80 cm. per hour. Water has a still higher rate of movement, 
up to 14 metres per hour. Substances moving from the roots 
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to the loaves cover two to ft>iir metros per hour. Plastic sub¬ 
stances move Irom the leaves to tlie roots or lo the Iruit at a 
rate ot 1 to 1.5 metres per hour. 

Plants ai-c somewhat like microscopic factories that utilize 
three principal iorins of “raw material” — water, carbon diox¬ 
ide and sunlight, "riicj sun supplies the energy by means of 
which the water and carbon dioxide are synthesized to car¬ 
bohydrates. The secret of how a green plant grows has engaged 
many geiuM’ations of sciejiti.sts. Tracc^r atoms have now put 
into the hands of r(?search men a new method caj)able of 
probing this persist(Mit secret of nature. Tracer methods point¬ 
ed to the feasibility of carbon dioxide being assimilated and 
reduced outside the cell. It was also possible to establish 
the important role in this process of iron-containing com¬ 
pounds. It was shown that in the process of photosynthesis 
plants produce not only carbohydrates (as was earlier be¬ 
lieved) but also protei ns. It was possi ble to conlirrn the direct 
participation of water in the formation of oxygen evolved 
in photosynthesis and to identify the intermediate products 
of photosynthesis. 

Labelled atoms help archaeologists to determine the age 
of ancient specimens. Hei*o use is made of radioactivcj car¬ 
bon-14 wdth its half-lile period of 5,700 years. 

It has been established that due to neutrons produced from 
the inleraction ol cosmic radiation and the eartlrs atmos¬ 
phere, there takes place a partial transformation of nitrogen- 
14 into radioactive carbon-14. 

Insofar as cosmic-ray intensity is constant in time, the con¬ 
centration of also remains unchanged. Radioactive car¬ 
bon-14 is found wherever there is ordinary carbon. It par¬ 
ticipates in all processes in nature that involve carbon. 
Carbon metabolism occurs in every living organism. In as¬ 
similating carbon from the air, a plant receives carboii-14* 
For this reason, tlie cellulose of living plants should con¬ 
tain radioactive carbon, the concentration of which is rel¬ 
atively small, there being only about 50,000 million atoms 
of carbon-14 per gram of carbon in the cellulose of any 
plant. This makes it possible not only to establish reliably 
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Ilio prcsiMico ol' (‘arl)4)ii 14 iii a plant, but also to dotoriiiltio 
tJio quantity. 

While the ])lant lives the conc*enti*ation ol’ radioactive 
carbon in it remains constant. The disintegrating carbon 
is continuously being replaced by new carbon. \Vhon the 
plant dies carbon inetabolisin ceases and the plant stops 
receiving new radioactive carbon. The quantity ol radio¬ 
active carbon in it begins to diinijiish. In 0,700 years it 

1 

will have diminished by one lialT, in 11,400 years to-^of 

the normal quantity, and in 22,800 years there will be only 
six per cent. 'J'he archaeologist has only to lind some wood- 
eji object iji the excavations of an ancient settlemeJit and 
to det(*rmin(^ the t|uantitj’ of radioaclive carbon that it con¬ 
tains. Then by means ol a simph* calciilation he is abhr to 
state how much time has elaj)seil since the plant died. This 
is enough lor him to conclinle when tin? ancient settlement 
existed. 

Tracer atoms are capable of giving much valuable infor¬ 
mation in geological prospecting. Naturally, in the search 
for nuclear Kiel (uranium and thorium) wide use is made of 
the radioactive properties of these elements. But tagged 
alorns can help in prospecting for petroleum, trio. 

In oil prospecting, wells are sunk in areas where oil may 
be ex fleeted to be fouinl. The old method was to take rock 
samples during drilling of holes. By analysing these rocks, 
a determination was made of the nature of the structure and 
the order of the layers through which the drill hole passed. 
This simple method of geological exploratioJi was in reality 
a very unwiehly ami exjiciisive one. To obtain only one rock 
sample it was necessary to raisti and unscrew at times more 
than a kilometre of piping. Bro.spectors are naturally inter¬ 
ested ill other, simpler methods of prospecting. 

One sucli method is the following. A Geiger-Muller coun¬ 
ter is lowered into the wxdl to register the radioactivity of 
the rocks through which the well passes. DilTercnt rocks 
havedilTerent radioactivity.Clayey rocks, shales and phospho¬ 
rous limestones have a high radioactivity, while oil-bearing 
sands have a low activity. By correlating in adjacent wells 
the variation of radioactivity with depth, it is possible to 
study the occurrence of the oil layers. 



In aiiollior motluxi, uso is ma<lc of tho facL Miat noutroiis 
are roflucUnl in dilTuriit ways Irom (JilT(?i*oiJl types of rock. 
Duo to rolloction, a “neutron cloud’* is forniCMl near the ncut- 
roJi source ajid the size of the cloiul depejids on the sur¬ 
rounding rocks. Neutrons are easily absorbed by stable nuclei 
with the result that gamina-ray quajita are ejected. If the 
neutron cloud is small, the quanta will be generated near 
the source of the neutrons. Hut if tlie neutron cloud ijicreases 
in size, the quantity (d' gamma quanta appearing near the 
neutron source will dimijiish, while at great distances from 
it there will be an increase. Let us |)lace a (a^iger-Muller 
counter at a distance of (iO to 80 cm. Iroin the neutron source. 
VVOien ])assingan oiI-bewaring layer, the neutron cloud dimin- 
islj(*s in size markedly, and the counter shows a sharp decrease 
too. 

An idea may be gained of the extent to which tracer atoms 
are used in oil prospecting in the U.S.S.R. by the fact 
that as early as 1954, these techni(jues were employed in 
exploring 3.5 million metres of wells. As a result of this 
exploration many of the old abandoned wells were brought 
back to life. 

Registration of tracer atoms is an exceedingly sensitive 
process. An infinitesimal amount of radioactive substance 
is required for them to be detected. This peculiarity of radio¬ 
active substances has found a range of important applica¬ 
tions. 

In electrolytic processes, the used electrolyte is dis])osed 
into rivers. Hut this cajiiiot be doJie directly, since the 
electrolyte contains harmful impurities, which must not be 
allowed to get into the river water. These harmlul impuri¬ 
ties are retained by a system of filters. An exceedingly irn- 
f)ortant thing is to determine the instant of iilter saturation, 
that is, when the filter lo.ses its absorbing i»roperties. This is 
done by adding to the electrolytic bath a suitable radioac¬ 
tive substance that “tag.s” the harinful impurity. This sub¬ 
stance pas.ses through tlie filter together with the electrolyte 
and is retained together with the impurities which must be fil¬ 
tered out. When the filter is saturated and ceases to retain the 
harmful impurities the radioactive malerial begins to pass 
through it, and this is easily I’egistered by a counter placed 
behind the filter. 
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Tracer atomic may he uscmI to trace the movement of nox¬ 
ious gases ill shoj)s, to ilctermine (he areas where gases 
are “stagnant,” to solve problems connected with the selec¬ 
tion of a rational arrangement of flues, ventilation plants, etc. 

Tracer atoms are ol use in the machine-building indus¬ 
try, too. Recall the age-old fight for longer lifetimes lor ma¬ 
chines, for durability of the harder-working machine parts, 
and the struggle against wear (selection of lubricants of 
proper quality, and of alloys that give minimum wear in 
mutual Iriclion) which is one of the most important prob¬ 
lems of the field. The solution of these problems by ordinary 
procedures is expensive and takes a very long time since 
wear tests cannot lie done in a hurry. Here tracer techniques 
simplify the task immensely. 

The rubl)ing surlacos are made radioactive (dthcr by neu¬ 
tron irradiation or by adding radioactive substances to the 
alloy out of which the parts understudy are cast, or by ])ress- 
ing radioactive materials iJito them. During friction, mi¬ 
nute particles of metal are torn away from the rubbing sur¬ 
faces and get into the lubricant. By putting a Geiger-Muller 
couJiter in the tank or crankcase with the lubricant, it is 
possible to register the appearance in the lubricating oil 
of tiny traces of radioactivity and to get an idea of the ex¬ 
tent of wear of the rubbing surfaces long before any visible 
signs of wear are apparent. The time required for a wear test 
is cut by tens of times. Besides, it is possible to test not indi¬ 
vidual parts or laboratory samples, but the working ma¬ 
chines inordinary production conditions. By putting “tags” 
of diffi^rent radioactive substances oji various parts of the 
machine, it is possible to get an idea of the degree of wear of 
the dilTerent parts. 

Ill metallurgy, tracer atoms are used to control the steel 
smelting jirocess. "JTiey |)ermit of making an exceedingly 
rapid check of the chemical composition of the steel; it is 
also possible to determine the origin of harmful impurities 
in the metal. As an example, sulphur (a highly undesirable 
admixture in steel) may enter the metal both from the coke 
and from the charge itself. By adding sulphur-labelled coal to 
the load put into the furnace, it is possible to determine 
what part of the sulphur pa.sses into the metal from the coal 
and charge as a result of smelting. 





Tracor atoms help to graih? stool. Anyone knows what 
a oom])licate(l amJ iinpleasaiit job it is to ostal)Iisli the grade 
ot a sample ot steel if for some reason the tag has been 
lost. By adding various radioactive siibslaijces (in qiiantities- 
that in no way affect the properties of the steel) to definite 
grades of steel, it is a simple matter to determine the grade 
of different pieces without resor- _ 

ting to a chemical analysis. 

Tracer atoms help to follow the 
level of the charge in blast liir- 
naccs. If we place on one side of > W 
the furnace a gamma cmitling ^ 

radioactive material (for exam- ^- 

])le, cobalt-60), and on the other -—t. ^ 

side a Geiger-Muller counter rri;::": 

(Fig. 63), the latter will respond “irr- 

readily to a sinkijig ot the i:;:;- .'"m' 
charge below the level .i/ibecause 
the charge absorbs a substantial 
})art of the gamma rays that pa.‘^s 

through it. A signal from the .. 

«<.ual«r actuate a„ automatic tvln™™. oK 

device that regulates the loading Geiger-Muller counter, 
system of the lurnace, and the a- gamma-ray source; 
required level of charge will be n —counter, 

immediately restored. Radioac¬ 
tive level gauges may be used in large number of other 
production processes. 

'J'racer atoms are a wonderful method of production con¬ 
trol. The absorption of radioactive radiation de])eiids not 
only on the properties of the radioactive radiation itself, 
but also on the properties of the absorbing medium, its 
composition, density and thickness. The dependence of 
absorption on thickness may be used in the control of 
rolled goods, especially in the rolling of foils. Since foils are 
very thin, the slightest variation in the degree of compression 
affects the foil thickness perceptibly. The small thickness of 
foil permits the use of beta emitters ..Sr” ). 

Beta radiation is already noticeably absorbed by relatively 
thill foils, therefore a change in the thickness of the foil 
will immediately affect the absorption of the beta rays. 


large number of other 
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which iji turn will bo rocordcMl by Goigor-Muller coiiii- 
tors. 

The remarkable thing is that tlic thickness of the foil 
can be (Ictermined without direct contact with the foil 
itself (Fig- b4). Using a Geiger-Milller counter it is possible 
not only to note variations in the thickness of the toil, but 
also aul oniatically to actuate a device that changes the de¬ 
gree of compression to keep the thickness of the foil uni¬ 
form. 

Sometimes the task is to retain jiot the thickness of the 
olijecL itself but of a coating being deposited on it. This is 
olten the case in printing or in the textile industry. In the 

production of artificial 
silk, an essential operation 
is coating the thread with 
a special substance, sodium 
oleate. If the thread re¬ 
ceives a uniformcoating, the 
colour will be uniform. If, 
however, there is a lack of 
uniformity in the coating, 
the colour will not be 
uniform and the article 
will have to be rejected. 
To eliminate this type of 
defect, a radioactive so- 
diurn-lalxdlcd admixture is added to normal sodium ole¬ 
ate and a Geiger-MQller coujiler is j)laced Jiext to the thread 
emerging Irom l-ln^ bath. The instant the thickness of the 
coalijig deviates Irom standard, the counter registers the 
change in radioactivity. The counter signals will then actu¬ 
ate the apparatus that regulates the sj)ced of the thread 
through the bath. If the coating becomes thicker than stan¬ 
dard, the speed of the thread will be increased, resulting in 
a tliiliner coating. 

Tracer atoms are iinporlant in cliemislry where they have 
found numerous applications. Through their use it is possi¬ 
ble to control the completene.ss of dilTerent chemical manipu- 
lations (precipitation, washing, etc.), to lind ways of re¬ 
lining technological processes, and to automatize chemical 
puiilicationandseparatioiiprocesscs. The use of an apparatus 



Fig. €4. Varying foil thickness by 
means of a Gciger-Muller counter. 

A — loll; B — rolls; C - Ijeta-ray source; 
D — counter. 



that automatically follows the conrst; of cliomical processes 
cau lead to huge cscoiiomies. 

Tracer atoms permit controlling the reliability of chemi¬ 
cal analysis. Particularly im])ortant is the so-called ncliiHi- 
tion amilysia. The essence of the activation analysis is this. 
If the substance in question is irra<liated by a beam of neu¬ 
trons, a portion of the atoms of stable isotopes in the given 
material capture jioutrons and co!ivert into radioactive iso¬ 
topes. If one establishes (by I he nature of the radiation) 
what radioactive isoto])os are formed, it is possible to get 
some idea about the piociice oi the admixtures of different 
elements in the given substance. 

The activation analysis allows of detecting minute im¬ 
purities. In some substances, an essential part is played by 
the presence of aji infinitesimal quajitity ol admixtures that 
arc at times expressiide in millionths of a per cent. Su:*h, 
for example, are semiconductors (germanium, silicon, etc.) 
which are used in rectifiers, photocells, and other important 
devices. The |)resence (in semiconductors) of certain impuri¬ 
ties in quantities that are absolutely undetectable by ordi¬ 
nary chemical procedures, affect api)reciably the physical 
and chemical properties and make these materials abso¬ 
lutely useless. Only by means of the activation method has 
it been possible to ol)tain i)ure semicojiductors. 

Thick layers of metal may be examined by the gamma ra¬ 
diation of cobalt-()0 and certain other radioactive sources 
to detect hidden flaws. This radiation has been successful¬ 
ly used in the treatment of many diseases including certain 
malignant tumours, thus dispensing with expensive and 
scarce radium which is used for this purpose. 

Large doses of beta radiation are very destructive to mi¬ 
croorganisms. 'riiis makes possible cold sterilization (that is, 
without boiling) of foodstuffs. Food irradiated with radioac¬ 
tive rays may be kept in storage for a long time. For instance, 
apples irradiated with beta rays may be kept in a warm room 
for three months. 

Many chemical processes, which in ordinary conditions 
do not develop, proceed under the action of an intensive 
radioactive radiation. It has been established, for example, 
that gamma-ray irradiation aids the formation of plexiglass. 
Plexiglass is formed from the molecules of a complex sub- 
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slaiico calltHl iiiolliyl olhoi* of mot harry lir acid. Those* mo¬ 
lecules form into long chains under the influence of high 
temperature and with the simultaneous action of certain ac¬ 
tivators. In this process, the molecules find it progressively 
more difficult to move and the entire mass thickens. How¬ 
ever, the formation of long chains continues only up to a def¬ 
inite instant; this makes it ditlicult to obtain thick plates 
of plexiglass. Irradiation with gamma rays from radioactive 
cobalt enables the |)rocess of plexiglass formation to proceed 
without heating and without activating substances, and in 
this way much longer chains are formed, which is very imj)or- 
tant. 

(lamma-ray irradiation of the finished plexiglass causes 
gases to appear in it. When heated, a piece ot plexiglass 
previously irradiated with gamma rays shows a marked in¬ 
crease in volume and transtorms into a snow-white porous, 
light peiioplast which is remarkable for its heat-insulatiiig 
properties. 

From the above examples it may be seen what multifari¬ 
ous applications tracer atoms have iound in the economy and 
how great is the field of their luture employment. 



Chapter XTV 

THERiUONLCLEAlt REACTIONS 

Tlio Rinding Energy per Nuclear Particle 

All atomic reactor nLilizes tho energy liberated in the fiS' 
sion ol‘ nuclei. However, the lission process is not the only 
possible source ot‘ atomic energy. There are other ways o\‘ 
obtaining atomic energy. To get some concept ol wbat this 
is about, let us first oi all examine the binding-energy values 
of different nuclei. 

We already know that when several particles combine 
into a nucleus, an energy is released that is equivalent to 
the binding energy. A nucleus always jiossesses less energy 
than the sum of the energies of the individual free particles 
that comprise it. The more the energy that is released in the 
formation of a nucleus, the more stable is the nucleus, and 
the more energy is required to break it uj) into its component 
parts. When analyzing the properties of atomic nuclei it 
is convenient to employ the so-called specific binding cner^ 
gy, or, in other words, the binding energy value per nuclear 
particle. Since the total number of particles in the nucleus 
is equal to the mass number A, the specific binding energy 
w and the binding energy of the nucleus W are related by the 
simple equation 

TV 

• 

A 

The values w and W differ in different nuclei. A correlation 
of the values of w enables one to determine whether energy 
in a given nuclear transformation will be released or ab¬ 
sorbed. SinceM7 characterizes the energy evolved in the forma¬ 
tion of the nucleus, it is obvious that if we transfer the nuclear 
particles from one nucleus with a specific binding energy 
M^jto another nucleus with a binding energy there will 
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occur a release of energy that is equivalent to the product 
of t he numberof I rajjsferred particles and the difrerence(w;jj-?/»,). 
If, however, then the transfer of each particle into 

a new nucleus will require an average expenditure of energy 
equivalent to (m?,— w^. For this reason, the transition of nu~ 
tear particles into a neiv nucleus with a greater specific bind- 



Fig. 6*0. Specific binding energy of atomic nuclei. 


ing energy will be accompanied by a release of energy, the 
reverse transition will result in absorption of energy. 

At j)rcscnt, the magnitude of the binding energy has been 
established for a very large number of nuclei, and it is there¬ 
fore possible to determine which nuclear transformations are 
energetically profitable. 

Fig. 65 shows a curve of the specific binding energy as a 
function of the number of particles (nucleons) in the nucleus. 
A study of this curve permits of drawing several important 
conclusions: 

1. There is a difference in the magnitude of the specific 
binding energy of light, medium and heavy nuclei. The 
most stably bound nuclei contain 100 to 150 nucleons. The 
specific binding energy of such nuclei is from 8.4 to 8.6 
million electron-volts. 
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2. The heavy nuclei, such as uranium and thorium, have 
a specific binding energy in the jieighbourhood of 7.5 mil¬ 
lion electron-volts, which is less than that of medium nuclei. 
This is why energy is liberated whoji heavy nuclei are coji- 
verted into medium-weight nuclei. A transformation of 
this type occurs when a heavy nucleus undergoes fission into 
two fragments. In this act, the .specific binding energy dimin¬ 
ishes by 0.9-1.0 million electron-volts, and since a uranium 
nucleus contains 235 particles the liberated energy comes 
to approximately 200 million electron-volts. 

3. The specific binding energy of light nuclei is also loss 
than that of the medium nuclei. For this reason, the fusion 
(synthesis) of light nuclei should result in an energy release. 


The Energy Llberateil in Nuclear Fusion 

Let us examine cases of the union of different nuclei. Let 
us suppose that the following transformation has taken 
place: 

or in words, the fusion of two nuclei of oxygcn-16 with the 
formation of a nucleus of sulphur-32. The mass of an atom 
of sulphur equals 31.982 atomic units, and the mass of each 
of the oxygen atoms is 16 atomic units. Consequently, this 
typo of fusion should result in the liberation of roughly 18 
million electron-volts energy. This energy is of course much 
less than that released in the fi.ssion of a nucleus of uranium. 
Hut one must bear in mind that the mass of two oxygen nu¬ 
clei is many times less than the mass of a uranium nucleus, 
and that if one relates the released energy not to one nucleus 
but to an identical weight of “fuel,” the difference between 
the uranium fission energy and the oxygen fusion energy 
will not be so marked. The energy released in the nuclear 
fusion of one gram of oxygen will amount to 70 per cent of the 
energy liberated in the fission of one gram of uranium-235. 

Let us now suppose that the following transformation 
occurs: 

„Na»+„Nc«->.,Sc« 
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From lilt* mil gijiludo of Ihcso nuclcnr masses if. follows that 
ail eiiLM'gy ol 2() million electron-volts slioiiltl be releasoil 
in this Iraiisiormatioii. But when calculated per gram it 
apjiears that this reaction releases just as much energy as 
ill the lusion ot oxygen nuclei. 

'riie foregoing exaiiifiles show that in I he fusion of light 
nuclei there is released an appreciable quantity of energy, 
cornparfible lo the (*nergy produced in the fission of heavy 
nuclei. But the process ol nuclear fusion is a highly improba- 
bh^ reaction inasmuch as it requires a certain energy to over¬ 
come the electrical forces of repulsion resulting from the 
large cdiarg(*s of I he nuclei. overcome these lorces, oxy¬ 
gen nuclei must possess a kinetic energy ol the order of 10 
million (*lect ron-volts. The kinetic en(M*gy of nc‘on or sodium 
nuclei must be still greater, since their nuclear charges ex¬ 
ceed those of oxygen. 

Of course, niijderu acceleration techniques make* it yiossible 
to accelerate oxygen nuclei to an energy of 10 million elec¬ 
tron-volts. However, it is far from profitable to use these 
machines t o obtain energy because the overwhelming major¬ 
ity of such nuclei dissipate their energy before apjnoaching 
another nucleus close enough for fusion. 

Much more favourable is the situation with the fusion of 
the lighter nuclei, between which the electrical forces of 
repulsion are less. Let us suppose that two deuterons have 
fused into one helium nucleus; 


This traiisforfriatioii should lib(*rate an approximate ener¬ 
gy of 24 million electron-volts, wdiich is exactly as much as 
is released in tin* fusion of the nuclei of neon and sodium. 
However, the weight of our nucleons is roughly equal to four 
atomic units, xvhile the weight of uNa*® and i^Ne®* equals 
45 atomic units, wdiich is 11 times as much. If we relate the 
liberated energy to unit w^eight of the “fuel,” it turns out 
that considerably more energy is releaseil in the fusion of 
two deuterons than in the fusion of oxygen nuclei or neon 
and sodium nuclei, or in the nuclear iission of uranium. 

7"he energy released in the fi.ssion of one gram of uranium — 



235 is roughly tM|aival(Mit to 22,000 kilowalt-liours, while 
that released in the lusion of deiiteroiis into ludium nuelei 
is 100,000 kilowatt hours. A still greater energy would he 
produced in the formation of helium by the fusion of four 
])rotons: 170,000 kilowatt-hours from one gram of hydrogen. 

This com|)arisou of the iission energy of uranium and 
the fusion ejjergy of hydrogen nuclei into helium nuclei 
shows that the latter process is energetically more ])rofita- 
hle. However, once nuch^arfission has been established (giv- 
c'li the cojiditioji ///>/»■ ;v::r 1) the ])rocess will continue ot it- 
s.df. Onitrast this with the fact that in the fusion of every 
two nuclei of diMilerium or of four protons it is nec(‘ssary to 
overcome lh(‘ir mutual rey)ulsion. The (|u(‘sLion arises as to 
whether it is j)ossihlc to establish conditions in which fu¬ 
sion of liydrogen nuclei will take place S|)ontaneously. 

Such conditions appear to be realizable. 


Tlieriuoiiuch'ar Reactions 

The (dectric forces of rt^pulsion acting between nuclei 
prevent their fusion. Hut fusion may take place if th(^ nu- 
cb‘i possess a kinetic (vnergy large enough to overcome the 
re])ulsive forces. And even when the energies of the interact¬ 
ing nuclei mv slightly less the lusion process is possible, 
but by far not in every collision. A given jiucleus will have 
to collide a large number of times before it fuses with an¬ 
other nucleus. 

ddie process of the fusion of nuclei that have a small kinet¬ 
ic energy is statistical in character, which means that it 
is impossible beforehand to determijie in precisely what 
collision the nuclei will fuse. On the average, fusion will 
occur after a certain definite number of collisions. We may 
thm-efore characterize such a ])rocess by means of a so- 
called prcbabilllf/ of penetration. If the penetration probabil¬ 
ity is small the fusion of nuchal upon collision will ocour so 
rarely that, a tremendous number of collisions will bo re¬ 
quired before fusion of any twonuclei takesplace.Thej)robabil- 
ity of nuclear fusion is strongly def)endent on the kinetic 
energy of the nuclei, and it shows a marked rise with 
energy. 
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An idea of tiio magniliido of this probability may be gained 
from Table XI1 for the case of fusion of two nuclei of heavy 
hydrogen into a lieliiiin nucleus. 

Table XII 


Kinetic energy 
of dcutoron, 
electron-volts 

Fusion 

prohuhility 

Kinetic energy 
of deuteron, 
electron-volts 

Fusion 

probability 

100 

1()“«» 

2,500 

10-« 

/iOO 

10-so 

10,000 

10”® 

900 


40,000 

10“» 

1,600 

10-15 




The tabulated data sIkw that the fusion probability of 
dcuterons is rather appreciable even at relatively small 
energies. For example, at an energy of 10,000 electroji- 
volts a nuclear fusion will occur per million collisions on 
an average. Despite the fact that this energy is small when 
cbmj’ared with the energy released in the formation of a 
helium nucleus (24 million electron-volts) still it is not 
profitable to accelerate ions of heavy hydrogen to accomplish 
the reaction 

It has already been pointed out, that the ionization losses 
of charged nuclei are too big, and wJien ions traverse a sub¬ 
stance containing atoms of heavy hydrogen they lose their 
energy before an opportune moment appears for two dcuter¬ 
ons to fuse. 

But heating may be employed to impart energy to the 
deuteroiis. 11 is a well-known fact that an increavse in tempera¬ 
ture causes a rise in the kinetic energy of atoms and mole¬ 
cules. The mean kinetic energy of atoms and molecules at a 

3 

temperature of 20°(]. is small, being only ” of an electron- 

volt. To impart to the molecules of a gas, liquid or solid a 
mean kinetic energy of one electron-volt, they must be heated 
to 7,500 degrees. But at such an energy the probability of 
nuclear fusion is so infinitesimal (10“*®®) that such reactions 
simply do not occur. In order to communicate to hydrogen 
nuclei an energy sufficient for their synthesis, the substance 
must be heated to a much higher temperature. 
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If heavy hydrogen is heated to one raillioii degrees the 
situation hecomcis essentially different. At this temperature 
the moan kinetic energy of the deiitorons is roughly 130 
electron-volts, and the probability of their fusion at this 
energy is still insignificant (approximately 10”®®). How¬ 
ever, 130 electron-volts is only the mean kinetic energy of 
the nuclei. A portion of the nuclei will possess considerably 
greater energies. And a tiny fraction of the dcutcrons 
(10”®) will have an energy within the range 1,600 to 2,500 
electron-volts. The probability of deuteron fusion at this 
energy is no longer very small—from 10”*® to 10”**. If we take 
into account the fact that at a temj)erature of one million 
degrees each atom of the substance will experience approxi¬ 
mately 10*® collisions per second and that there are 3x10** 
dcutcrons in one kilogram of heavy hydrogen, it will be 
clear that in these conditions there will be a large number 
of cases of the formation of helium by the fusion of two deu- 
terons. Estimates show that at a tempcralure of one million 
degrees the fusion of one kilogram of deuterons will pro¬ 
duce every second an energy equivalent to about 100 kilo¬ 
watts. At a temperature of 5-6 million degrees the entire 
kilogram of deuterons will “burn up” in a fraction of a second 
with the release ol 150 million kilowatt-hours. 

Thus we see that at sufficiently high temperatures the 
fusion reaction of deuterons is possible. At several mil¬ 
lion degrees a highly effective reaction is 

,H*+3Li’-.2,Hc* 

which also releases a considerable energy (about 17 million 
electron-volts). 

Nuclear reactions that proceed at high temperatures are 
commonly called thermonuclear reactions. The following 
arc examples of thermonuclear reactions; 

We have established that at a temperature of the order 
of a million degrees, thermonuclear reactions can develop 
quite effectively. Docs nature ever provide us with such 
conditions? It turns out that precisely such high tempera- 
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inros art* priMloiniiiiiiil in stellar inleriors. This is why 
ihoriMomirJear reactions occur there. 

The prohleiii ol the eiun*gy sources of the sun ajid stars 
was for a long time a ])uzzle that engaged the inquisitive 
minds of scientists. Why do the stars shine? Wiiy do(^s the 
sun, which is ojie of the relatively small stars, shine? What 
is the sourc(^ of its energy? 

The sun is known to radiate collosal quantities of energy. 
The power of solar radiation is expressed by tin? stupendous 
number of 3.5x10“* kilowatts, which is a thousand million 
times that of what a hundred million Hratsk hydropower 
stations (this station is now under construction on the Anga¬ 
ra River and will develop 3,400,000 kilowatts) could prcxluce. 
Where docs this truly gigantic energy output come from? 

Simi)lc calculations show that ordinary sources cannot 
be the cause of siicli an ijitensc lilioration of energy. One of 
the most widespread sources of energy on earth is the proc¬ 
ess of combustioji. The combustion of ojie kilogram of coal 
releases about 8,000 large calories. If we should assume that 
the sun is composed entirely of carbon and an ap))ropriato 
quantity of oxygen (necessary lor full combustion), the com¬ 
bustion of all this carbon would produce 4x10** large cal¬ 
ories. (liven the degree of railiation mentioned above, the 
sun radiates annually a quantity of beat equal to 2.0 X 
10*® large calories. Hence, if the source of solar energy 
were the combustion of carbon, the sun would burji up com¬ 
pletely in just over one thousand years, whereas we know very 
well that the earth and our entire solar system have existed 
for at least several thousand million years. This means that 
the radiation of stars is caused by considerably more powerful 
sources of encirgy than ordinary clnnnical reactions. These 
are thermonuclear reactions. They are one of the most im¬ 
portant sources of stellar ejicrgy. 

Apparently, during certain stages in stellar development 
the energy lost by a star is entirely created by t hermonuclear 
reactions that occur ijj its interior. What thermonuclear reac¬ 
tions form the source of the sun's energy? This question vras 
answered l)y He the. 

Astronomers have estimated that the temperature inside 
the sun rises to20 million degrees. If there were heavy hydro¬ 
gen in the solar interior, helium would be produced at this 
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tcmj’orature so rapidly I hat tho sun would oxpiodc. The 
reuctiuJi 

could fully su])j)ly llio oJiorgy the sun loses even with an 
interior ternpi'rature of only 400,000 degrees. Apparently, 
neither can the reaction 

1)0 a source of solar energy, for il. also develops too violent ly 
at 20 million degrees ol temperature. Apparently, the lore- 
goijig thermonuclear reactions del ermine the radiation of 
stars during their early stages of <levelopment. 

At a temperature ol the order of 20 million degrees, tlior- 
monuclear reactions of the so-called carhoji-nitrogen cycle 
should he ca|)ahle of proceeding with .suflicient intensity. 

What does the carbon nitrogen cycle cojisist of? This cy¬ 
cle consists of a whole series of thermoJiuclear reactions. 
It l)(‘gins with a translormation that occurs when a prolon 
enters a nucleus of carhon-12. The result of this reaction 
is nitrogen-13. This isotope is radioactive and liecays with 
the emission of a positron, producing the stable isotope car- 
hoJi-13. The second stage of the carbon-nitrogen cycle in¬ 
volves a carl)()n-13 nucleus. A })roton enters this nucleus to 
juoduce a nucleus of nitrogen-14, which is stable. The next 
stage is a thennonuclear reaction with the penetration of 
a third proton into the nitrogeii-14 nucleus to produce the 
isotope oxygen-15, which is radioactive and decays to 
nilrogcn-15 with the emi.ssion of a positron. I'he last stage 
ol the carbon-jiitrogeii cycle is a thermonuclear reaction in- 
volvijig the penetration of a proton into a nitrogen-15 
nucleus with the production of carboU'12 and heliuin-4 nuclei. 

All these transformations may be wrilten as follows; 

radiation, 

7^^ o' ' I + C' * 

„C2* + ,11* —> radiation, 

T,H* —^ gO’** i-radiation, 

The result of these transformations is again a nucleus of 
carbon-12, which initiated the carbon iiitrogeji cycle. 
However, iji the process four protons disappear to produce 



a iiiicloiis of helium. (loiisoqiicjiMy, the final result of the 
carhoii-nitro^eii cvc.le is equivalent to the fusion of lour 
protons into a nucleus of helium: 

4jir —► 2 lle'‘ + 2 positrons {-radiation. 

The over-all total energy released in the carbon nitro¬ 
gen cycle amounts to 2b.8 million electron-volts. 

Thus, according to Bethe, the source of solar energy is 
a transformation of hydrogen ijito helium which occurs 
indirectly via the carbon-nitrogen cycle. The quantity of 
hydrogen in the sun at the present time is, on this theory, 
sufficient for the production of radiated solar energy for 
another eighty thousand million years. 

Bethe's theory gives a rather good explanation of the 
origin of solar energy. However, one should not consider 
the carbon-nitrogen cycle as the sole source of solar radia¬ 
tion. It is possible that in the solar interior there occur 
other thermonuclear reactions. Our present knowledge is 
not sufficient for a final solution to the problem of the 
sources of stellar energy. 


The Hydrogen Bomb 

The conditions in the interior of stars (high temperatures 
and pressures) permit the development of thermonuclear 
reactions. Similar conditions appear for a brief lapse of 
time during the explosion of an atomic bomb. Here the 
temperature is in many millions of degrees and the pressure 
reaches a hundred million tons per square centimetre. In 
these conditions a thermonuclear reaction can also commence. 
Inasmuch as the conditions suitable for the development 
of a thermonuclear reaction exist for a very brief duration, 
only such thermonuclear reactions will succeed in devel¬ 
oping as proceed with extraordinary rapidity. Of the fol¬ 
lowing possible thermonuclear reactions: 

jD* hjH* —► jHe*-|-radiation, 
jT® ,He*-f radiation, 
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only the last one develops with sulficient speed (of the order 
of 10“* second). This was the reaction employed in build¬ 
ing the hydrogen bomb. 

The hydrogen bomb has a very strong casing, inside of 
which is an ordinary atomic bomb and a vessel containing 
deuterium and tritium. The atomic explosion creates I he 
conditions necessary for the development of a thermonucle¬ 
ar reaction in hydrogen and “ignites” the hydrogen bomb. 

The hydrogen isotope of mass 3, tritium (,T*), which is 
a component of the hydrogen bomb, is not stable. It decays 
with a half-life of 12 years. Tritium may be obtained in 
the following reactions: 

,i)» i y — 

,Hc» i 

The first three reactions occur in atomic reactors, and the 
latter two in cyclotrons. 

Hydrogen bombs are more powerful than atomic bombs. 
The power of an atomic bomb is restricted by the critical 
mass of the fissionable nuclear explosive. "J'he critical mass 
puts a limit on the quantity of uranium or plutonium which 
may be used to charge the bomb. Hydrogen bombs have 
no critical size. Therefore, the power of a hydrogen bomb 
is limited only by technical feasibility (the amount of trit¬ 
ium, the conditions of transportation, etc.). 

Hydrogen bombs have been developed in the U.S.A. 
and in the Soviet Union. But the Soviet Union is not con¬ 
ducting an aggressive policy and does not threaten anyone 
with atomic or hydrogen weapons. The atom weapon is pro¬ 
duced in the U.S.S.R. only as a means of self-defence. The 
Soviet nation is an indefatigable and consistent fighter for 
prohibition of all types of weapons (including atomic and 
hydrogen bombs) of mass extermination of human beings, 
for stopping the production of those bombs and for destroy¬ 
ing all existing stocks of bombs. 
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Controlled Tlieriiioiiiiclear Reactions 


Test explosions ol the hydrogen bomb Jiave shown that 
a thermonuclear reaction could be j)i*oduced artiiicially. 
WheJi a hydrogen bomb is det onated, a tremendous amount 
of energy is released within a split second. JT it were j)os- 
sible to reduce the speed ol the energy release in a ther¬ 
monuclear reaction by controlling the latter, the energy 
liberated coubl be used lor purposes ol peace. A noble task 
now confronts the scientists of the whole world, that of bring¬ 
ing thermonuclear reactions under control. 

A controlled thermonuclear reactioji will place at the 
service of mankind limitless supplies of energy. At pres¬ 
ent, the principal energy resources are coal, petroleum, and 
peat that hav(^ accumulated in the earth over the ag(?s. With 
the prosejit tempe.sluous development of industry, energy 
is expended so ra[)idly that the time is not far off, rela¬ 
tively speaking, wlien the supplies of petroleum, coal and 
peat will be exhausted. The realization of a chain nuclear 
reaction unearthed new types of natural fuel —uranium and 
thorium. The available compounds of uranium and thorium 
contain energy reserv(?s that exceed by 10 to 20 times the 
energy contained in the now known deposits of petroleum, 
coal and ])eat. Uranium and thorium, of course, augment 
appreciably our energy resources. J\(‘w possibilities open 
up with their utilization in the power industry. However, 
these types of fuel, too, will be consumed in the foreseeable 
future. 

The utilization of energy ndeased in thermonuclear reac¬ 
tions will revolutionize the entire held. The realization of 
a controlled tliermonuclear reaction will once and for all 
time solve the i)ower problem, for the raw material of a 
thermonuclear reaction—hydrogen -is louiid in tremendous 
quantities e verywh re. 

To bring a thermonuclear reaction under control is an 
exceedingly difficult problem. In this field, Soviet scientists 
ar(‘ engaged in very larg(*-scale and Iruitful research.In a 
lecture d(‘livered at the Hritish atomic centre at Harwell, 
1. V. Kurchatov gave an account ol some ol these investi¬ 
gations. 
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In tlio U.S.S.R. Academy of Sciences, L. A. Artsimovich 
and M. A. l.e()iitovich have supervised studies (hat. indicate 
the possibility ol ol)tainiiig (by means of a gas discharge) a 
temi)erature ol the order of a million degrees. I'liis is the 
first time that such a high temperature has been obtained 
in laboratory conditions. 

In the case of significant rises in temperature, there may 
develop trcmeinlous pressures in the substance. For this 
reason, the method of discharges in a gas at room tempera¬ 
ture and reduced pressure was selected for the laboratory 
experiments. The employment of a discharge in a rarefied 
gas relieved scientists of the necessity of building ap¬ 
paratus with extremely thick walls to withstand the enor¬ 
mous pressures. An electric discharge (the appearance of 
charged particles, ions and electrons) originates in a rare¬ 
fied gas when a sufficient voltage is applied. The greater the 
number of ions an<l electrons jnoduced in the gas, t he bigger 
the electric current that ])asses through the gas. The current 
passage is accompanied by the generation of heat. The tem¬ 
perature of the gas rises. However, it is not possible to raise 
the temperature of the gas very high for the ])articles in the 
gas make encounters with the walls of the chambijr inside 
which the discharge takes place, and thus heat them. At 
a temperature dose to a million degrees this heat loss is 
so great that without proper heat insulation of the parti¬ 
cles (participating in the <li sc barge) from the walls of the dis¬ 
charge chamber, it becomes impossible to actually reach 
one million degrees. 

A. D. Sakharov and I. E. Tamm found a way to produce 
heat insulation of the gas plasma*. What they proposed 
is simple. We know that when charged particles enter 
a magnetic field their trajectories curve. A strong mag¬ 
netic field may compel charged particles to move along 
closed curves, for instance in circles. The stronger the 
magnetic field the less the diameter of the circle de¬ 
scribed by the charged particles. If we place a gas plasma 
in a strong magnetic field, it is possible to make the ions 


* The plasma is a nK^diiim of positividy cliarged ions and elec¬ 
trons. It is produced in a gas discharge and is a good comluclur of 
electricity. 




and electrons move in a small volume. A strong mag noli c 
field will not allow the ions to approach the walls of the Ves¬ 
sel, and in this way the gas plasma becomes insulated from 
the walls of the discharge chamber. 

The gas plasma, as we have already pointed out, is a good 
conductor of electricity; it can pass big currents. Hut magnet¬ 
ic fields appear around electric currents. If a current pass¬ 
ing through the plasma is sufficiently big, it will create 
a strong magnetic field and then both problems will be solved 
at one stroke; with a huge current traversing the plasma, 
a large quantity of heat will be generated in it; on the other 
hand, due to the strong magnetic field, the particles of the 
plasma will find themselves well insulated from the walls 
of the discharge chamber and the plasma will be able to heat 
up to a high temperature. Thus, the problem is to pass a 
large electric current through the discharge chamber. This 
is what L. A. Artsimovich and his co-workers succeeded in 
doing. They passed through the chamber momentary (pulse) 
currents up to two million amperes. Even at currents of 
several hundred thousand amperes they noticed that due to 
the influtmee of the magnetic field, the gas plasma begins 
to pull away from the walls of the containing vessel and to 
draw out into a narrow column. With a current of a million 
amperes, the temperature in this column roaches a million de¬ 
grees. 

Undoubted progress has been made towards the establish¬ 
ment of a controlled thermonuclear reaction; we have ob¬ 
tained, in controlled fashion, temperatures of the order 
of a million degrees, which are necessary for the development 
of a thermonuclear reaction. It may be hoped that in the 
relatively near future a controlled thermonuclear reaction 
will be achieved and that Soviet scientists will make their 
worthy contribution to the solution of this exceedingly 
important problem. 



APPENDIX 

(Figures I-XLY) 



Fift. la, Clrmd-cliamhor phol.o"ra7>li sliowincr Mio thick strni&flil 
lines of alpha particles ami the thin IxMit lines of slow eloclrons. 



Fig, lb, Cloiid-cJiamher 7)hotograph. The hent lines are the I racks 
of slow electrons, and the straight daslicd line is the track of u high- 
energy ehic.trou. 











f ^ ^ ‘I particJos and di'utorc 

from a 184-jjicli cyclotron; tfio parlLclos onU^r I 
emulsion nearly parallel to its surface. Both tvt 
of particles Jmve the same speed. The diffciviu^i 
their spe( ilic ionization is clearly visible; the ainli 
particle tracks are thick and the tracks of dvnU 
on.s are thin. I he initial energy of the alpha nn 
tides IS 200 million electroievolts, that of ^tj 
deuf{*roiis, JOO million electron-volts 








Fi», VI, Inuks in an finiilsioii. Tlio 

alpha partirlns did im»I inipiiig(M)ii l)i(‘ plal(‘ Trurri 
tlio sid<' hill, orisriiialcd in Mu> cimilsion itscdf. to 
wliicli a sniall anioiiiit of alp]ia-i*inil.linj/ (lioriiim 
)iad bmi addod. Tin* “si. hn” which arc cl(‘arly visihio 
in lliis phol.o£^ra]dj art* iincJci I hat. iindcrqfo a siic- 
(■(‘ssion of Irarishirinalioiis wilh emission of alpha 
pari ides. After lieiii" developed the plate was 
slreiii^Lheiied, si» the particle tracks appear lliick 
and vt*rv Ini'*til. 
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Fig, XI. Mass-spocLrograms of a immlKTof elomcnts with mass 
numbers in the range from 12 lo 104. The spectrograms were 
obtained by Aston. 





Fiff, XII, Thu track of an alpha particle Ltiat has sulTcred two 
collisions. 



Fig, XIII, Alpha-particle tracks in an oxy- 
gun-iilled cloud chamber. 
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Fig, XIV. Alpha-particlc tracks in nitrogen. A fork is seen that 
was produced by an alpha particle long before coming to the 
end of its range. The thinner track is that of a proton, the 
thicker one that of a nucleus which captured the alpha par¬ 
ticle. 


Fig XV, Disintegration of nitrogen by alpha particles. The 
track of a proton ejected in a direction opposite to that of alpha 
particle is visible. 
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Fig. XVIH. of a uiiciciis by u neutron accordinpf 

to llio srlieiiie The lliiii track is that 

of an aiplia parlicic; I he Ihirkono is that of a boron nucleus pro¬ 
duced in I lie fission of Ma? nitroffcri nuchMis. 
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a cloud i:liambcr placed in a 25,000- in/ a 5-nmi. thick lead plate put across 
oersted magnetic field. cloud chamber in a magnetic field. 






Fig. XXI. A positron produced in n lead plate (up¬ 
per plate) by cosmic rays. It passed tlirougli a 
0.5 -mm. aluminium plate. The energy of the 
positron above the aluminium plate was 820,000 
electron-volls, under it, 520,000 electron-volts. 



Fig. XXll. A photograph of pair formation in 
krypton obtained by L. V. Groshev and 1. M. 
Frank. The electron track is deviated ii])wards, 
the po.sitron, down. 
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Fig. A’AT. General view of Ihe Drookhaven cosniclron. 











Fig. XXVI. General view of the U.S.S.R. Academy proton synchrotron. 












Fig, XXVllm Sho^vcr development m lead plates. 
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Fig. XXX» Tracks of dilTcrent par¬ 
ticles in a cloud chamber. 

1 — Proton track in oxygen; 2 — Elec¬ 
tron track in hydrogen; 3—Electron 
track in oxygon. 




Fig. XXXI. Meson track. The meson passed through a coun¬ 
ter located in the middle of the cloud cliuruber. The cham¬ 
ber was in a magnetic field. This picture was obtained by 
Anderson and Neddermeycr who found the mass of the par¬ 
ticle to be 220 electronic masses. 
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Fi^. XXXVfl. Tlio pirtnrc shows a fork ronsislinj? of a 
proton, and a jr-rnoson. The fork was produced by the trans¬ 
formation of a neutral hyperon, A^. The track ofYhc noiilral 
byperon is not visible in the photo)[rraph; its assumed path 
is indicated by an arrow. 
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Fig. XLlIl. Tlio “f>hiine” aiitl lirsl sla^^s in liio 
dt'vcJopine ill ol Lbc base surge in an underwaler 
burst. 



Fig. XLIV. A radioaulograpb ot a bomntn leaf. 
The photograph was produced by placing the leaf 
on a photographic plate. The plant was fed with 
radiophosphorus, which accumulated to produce 
the Jight areas. 
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